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Nearly all biologic tissues exhibit viscoelastic behavior. This behavior is characterized
by hysteresis in the response of the material to load or strain. This information can be
utilized in extrapolation of life expectancy of vascular implant materials including native
tissues and synthetic materials. This behavior is exhibited in many engineering materials
as well such as the polymers PTFE, polyamide, polyethylene, etc. While procedures have
been developed for evaluating the engineering polymers the techniques for biologic tissues
are not as mature. There are multiple reasons for this. A major one is a cultural divide
between the medical and engineering communities. Biomedical engineers are beginning to
fill that void.
A digitally controlled drivetrain designed to evaluate both elastic and viscoelastic
characteristics of biologic tissues has been developed.

The initial impetus for the

development of this device was to evaluate the potential for human umbilical tissue to serve
as a vascular graft material.

The consequence is that the load frame is configured for

membrane type specimens with rectangular dimensions of no more than 25mm per side. The
designed load capacity of the drivetrain is to impose an axial load of 40N on the specimen.
This drivetrain is capable of assessing the viscoelastic response of the specimens by four
different test modes: stress relaxation, creep, harmonic induced oscillations, and controlled
strain rate tests.
The fluorocarbon PTFE has mechanical properties commensurate with vascular tissue.
In fact, it has been used for vascular grafts in patients who have been victims of various
traumas. Hardware and software validation of the device was accomplished by testing PTFE

and comparing the results to properties that have been published by both researchers and
manufacturers.
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VARIABLES & CONSTANTS
INDEPENDENT VARIABLES
t
ω
τ

i

Time = seconds
Angular frequency = Rad/sec
Dummy integration variable in convolution integral = seconds
Complex # = −1

DEPENDENT VARIABLES
σ
σshear
ε

Tensile stress = Force/Area
Shear stress = Force/Area
Strain = %
Strain rate= %/sec

ε&

f

Cyclic rotational rate= Hz

PROPERTIES
E
D
E*
D*
E’
D’
E’’
D’’
η

Relaxation modulus (time domain)= Force/Area
Creep compliance (tme domain)= (Force/Area)-1
Complex Relaxation modulus (complex domain)= Force/Area
Complex Creep compliance (complex domain)= (Force/Area)-1
Relaxation “storage” modulus= Force/Area
Creep “storage” compliance= (Force/Area)-1
Relaxation “loss” modulus= Force/Area
Creep “loss” compliance= (Force/Area)-1
Viscous damping parameter= Force Time
Area

E∞
Steady-state relaxation modulus of the Weichert model= Force/Area
Ei Individual Relaxation modulus of the Maxwell elements in the Weichert model = Force/Area
Individual damping parameters of either the Maxwell or Voigt elements = Force Time
ηi
η∞
Di
D0
Grelaxation
Gcreep

Steady-state damping parameter of the Kelvin model=

Area
Force
Time
Area

Individual Creep compliance of the Voigt elements in the Kelvin model = (Force/Area)-1
Initial Offset Compliance of the Kelvin model = (Force/Area)-1
Impulse Response function for relaxation = Force/Area
Impulse Response function for creep = (Force/Area)-1

DRIVETRAIN PARAMETERS
φ pitch
Dscrew
θ

ρleverage

μ

Ball screw pitch= 1 mm
Ball screw diameter= 6mm
Ball screw inclination angle= 30
Ball screw leverage coefficient= 0.3mm
Ball screw friction coefficient (conservative assumption)= 0.1

Prating

Power requirement of servomotors= 28 W per axis

Torq

Servomotor torque requirement= 11mJ per axis

vi

SPECIMEN PARAMETERS
Lspecimen

Measured specimen length after pretension= mm

δ
t
w

Specimen deflection= mm
Specimen thickness mm
Specimen width mm
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1. Introduction
Nearly all biologic tissues exhibit viscoelastic behavior. This behavior is characterized by
hysteresis in the response of the material to load.

This information can be utilized in

extrapolation of life expectancy of vascular implant materials including native tissues and
synthetic materials. This behavior is exhibited in many engineering materials as well such as
the polymers PTFE, polyamide, polyethylene, etc. While procedures have been developed for
evaluating the engineering polymers the techniques for biologic tissues are not as mature.
There are multiple reasons for this. A major one is a cultural divide between the medical and
engineering communities. Biomedical engineers are beginning to fill that void.
The other major factor is the condition of the specimens. While it is possible to get the
polymer materials in bulk form and various geometries conducive to evaluating the
viscoelastic parameters, this is not the case for biologic specimens. Biologic specimens are
frequently available only in small strip or membrane configurations.
This presents significant challenges in mounting the specimen. Boundary conditions can
play a significant role in evaluating the viscoelastic response to the point that the response is
dominated by the mounting conditions rather than the properties of the specimen itself.
Another concern is the hydration factor of biologic specimens; wet and dry specimens behave
very differently.

This is true of polymers but not to the degree that it is for biologic

specimens.
Another condition of biologic specimens is their compliance. Even compared to polymers
these specimens are soft. So the load levels obtained during such tests are quite low. Most
conventional test methods are not feasible due to the nature of these specimens.
A digitally controlled drivetrain designed to evaluate both elastic and viscoelastic
characteristics of biologic tissues has been developed (Figure 1-1). The initial impetus for
the development of this device was to evaluate the potential for human umbilical tissue to
serve as a vascular graft material. Typically, patch material for vascular repair consists of
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homograft, a non-viable processed material derived from tissue obtained from the aorta of
deceased donors. Homograft is used as graft material in surgical procedures to repair cardiac
congenital septal defects in infants.

The use of the homograft tissue presents immune

response complications and the infant requires medication with detrimental side effects. One
potential solution is to substitute the infant’s umbilical cord tissue as the graft material in
order to eliminate immune response complications. This device was to compare the umbilical
tissue to that of the homograft material to assess the elastic and viscoelastic differences.

Figure 1-1: Viscoelastic test device.

1.1. Concept Development & Evolution
As mentioned previously,, the initial impetus for the development of this device was to
evaluate the potential for human umbilical tissue to serve as a vascular graft material. Since
the geometric configuration of these specimens resembles a membrane the initial design
proposal was to mount the specimens in a rigid frame, attach an accelerometer, and apply a
harmonic stimulus via an electrodynamic vibration table.

The testing procedure would

comply with ASTM standards so consistency between test samples would be expected to be
quantifiable.1, 2
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The challenge would be how to mount the specimen and pretension it. Figure 1-2 was
the proposed specimen frame configuration. The brackets contain suture pins that pierce the
specimen and the degrees of freedom of the four corners allow expansion of the frame to
pretension the specimen as well as rotations to compensate for tension variability within the
specimen. Three concerns were expressed during the first design review process:
1) fabrication cost of the specimen brackets with suture pins;
2) the mass of the accelerometer contributing to the measured response;
3) extrapolation of the response from vibration frequencies to those of physiologic conditions.

Figure 1-2: Initial design proposal.
The conclusions of the first design review were to explore creep and stress relaxation test
procedures.

These tests can and have been executed on conventional mechanical test

platforms such as a commercial INSTRON machine.

However, the test platform would

require a load cell with very good resolution at very low loading conditions. An INSTRON
platform with a low load capacity exists in the College of Dentistry but the pneumatic
specimen grips do not represent the operational boundary conditions of a vascular graft.
Moreover, the INSTRON platform is only capable of executing uniaxial tests. The additional
capability of inducing shear in the specimen as described in section 3.1.1 motivated a second
design proposal.
The configuration of the second design shown in Figure 1-3 is a frame system with
specimen brackets attached to the top surface via threaded connections. Linear bearings
allow for extensional translations and the threaded connections allow for rotational degrees of
freedom. Close inspection of the specimen brackets in Figure 1-3 show ½ mm through-holes
exist in a recessed area spaced apart by 2mm. The desire of the investigator at the time was
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to manually suture the specimen to the brackets as done in the vascular graft application.
The unresolved issues after the second design review concerned how to actuate the frame.
The third design iteration ensued.
The third design review investigated utilizing a ball screw to actuate the frame, but as
shown in Figure 1-4 clearance prohibits rotations about the four pivot axes. The third design
evolved to eliminate the linear bearings and embed the ball screws within the longitudinal
axes of the frame. The ball screws are driven by attached spur gears which in turn are driven
by a worm gear also shown in Figure 1-4.

Figure 1-3: Second design proposal.

Figure 1-4: Third design iteration addressed actuation.
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The third design review favored the twin ball screw frame but friction of the worm gear
actuation was a concern. A consensus was attained to substitute in another spur gear to
mesh with the two spur gears attached to the ball screws. This central spur gear is rotated
manually with calibrated torque wrenches. Moreover, the central spur gear allows latitude to
adjust the diameter to affect the gear ratio if needed to test materials of different stiffness
values. The actual device is depicted in Figure 3-11. The frame can be articulated about the
pivot axes to form a parallelogram as shown in Figure 3-10 by simply disengaging the
central spur gear.
Subsequent field tests with actual homograft tissue, proved the relaxation rates of the
specimens exceeded expected values.

The consequence is that maintaining torque and

recording results manually cannot be accomplished precisely. At that time it was deemed
necessary to automate the actuation system. An automated drivetrain gives the additional
capability of testing the material dynamically. The design and validation of the load frame
and the actuation system is the primary directive covered by this thesis.

A secondary

directive of obtaining material model parameters from empirical data is also covered.
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2. Background & Theory
The engineering practice of characterizing the elastic and viscous behavior of materials is
often divided generically into two disciplines: solid and fluid mechanics. The elasticity of a
material relates the material deflections or distortions to the applied load or vice-versa (Eq:
2-1), whereas viscosity relates the deflection or distortion rate with respect to time to the
applied load or vice-versa (Eq: 2-2).
Many materials exhibit the characteristics of both of these material types and are called
“viscoelastic.” Polymers have this behavior, and quite often so do biologic tissues. The nature
of this behavior implies that these materials have strain rate dependence inherent in their
stiffness or compliance. In other words, these materials can be quite rigid if the applied load
or deflection is an impulse or has high slope, whereas they are quite soft if the applied
stimulus is static in nature or has very small slope.

σ = Eε
σ shear = ηε&

(Eq: 2-1)
(Eq: 2-2)

2.1. Linear Models
In linear theory, viscoelastic materials have two different modulus values.

One is

associated with the elastic behavior and is referred to as the “storage” modulus E’. The other
is associated with the viscous behavior and is referred to as the “loss” modulus E’’ (Eq: 2-3).
The inverses of these two moduli are referred to as the “storage” and “loss” compliance (Eq:
2-4).

E = E '+ iE "
D = D '+ iD "

(Eq: 2-3)
(Eq: 2-4)

Reciprocity relations between the modulus and compliance functions allow transformation
between these two measures. (Eq: 2-5) is the reciprocity relation in the time domain, and
(Eq: 2-6) is the reciprocity relation in the frequency domain.3, 4

∫

t

0

E (t −τ )

t
dD (τ )
dE (τ )
dτ = ∫ D ( t − τ )
dτ = 1
0
dτ
dτ
E ( iω ) D ( iω ) = D ( iω ) E ( iω ) = 1

(Eq: 2-5)
(Eq: 2-6)
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Due to reciprocity, only two of the four parameters, E’, E”, D’, and D”, need to be
determined. Nonetheless, the device described within this thesis is capable of evaluating all
four independently which serves as a redundant check on the properties.

The device is

capable of evaluating the parameters under both static and dynamic conditions.
The materials tested are initially assumed to be linear solids such that the viscoelastic
behavior can be modeled by a linear combination of springs and viscous dampers in parallel
or series. If the material is nonlinear, then there will be discrepancy in results obtained from
the dynamic versus the static tests. If this type of discrepancy is noticed, it is likely to be
attributable to nonlinear strain rate dependence.

If nonlinear behavior is due to

displacement magnitudes, it will manifest itself in discrepancies between the static tests.
There are two common linear models accepted in the engineering community that
represent viscoelastic behavior of real materials, Figure 2-1 and Figure 2-2. Both models
have similar behavior and can represent both relaxation and creep behavior, but each
mathematical representation is more intuitive for one versus the other. The model of Figure
2-1 is preferred to represent relaxation behavior, whereas Figure 2-2 is preferred for creep
behavior. More on this matter is discussed in sections 4.1 and 4.2.
The time series expressions (Eq: 2-7) and (Eq: 2-8) for both models only represent the
material response to a step input in strain for the Weichert model and stress for the Kelvin
model. In the case of the Weichert model, inspection of (Eq: 2-7) reveals that the “relaxation
modulus,” E(t), is at a maximum at t = 0 and decays to its minimum value as tÆ∞. Hence,
the stress relaxes over time even though the strain remains constant. This is the very nature
of “stress relaxation.” This is a phenomenon that is common and has to be accounted for in
polymers that are utilized in gasket applications. This phenomenon also applies to biologic
tissues.
In the case of the Kelvin model, inspection of (Eq: 2-8) reveals that the “creep
compliance,” D(t), is at a minimum at t = 0. The transient term, the time series summation,
approaches a finite value as tÆ∞. There also exists a linear term with time which implies the
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compliance can become infinite as tÆ∞. Hence, the strain continues to “creep” upward with
time even though the stress remains constant. This is the very nature of “creep.” This is a
phenomenon that is common and has to be accounted for in polymers that are utilized in
pressure containment applications. This phenomenon also applies to biologic tissues.

E1

E2

Ei

η

ηi

E∞
η

1

2

j

E ( t ) = E∞ + ∑ Ei e

− Ei

ηi

(Eq: 2-7)

t

i =1

Figure 2-1: Weichert model consisting of a number of Maxwell elements in parallel with a relaxation
spring, E∞.5

D1
η

1

Di

D2

D

η

ηi

2

−1
t ⎞
⎛
Diηi
D ( t ) = D0 +
+ ∑ Di ⎜ 1 − e
⎟
⎟
η∞ i =1 ⎜⎝
⎠

t

j

0

η∞
(Eq: 2-8)

Figure 2-2: Kelvin general model consisting of a number of Voigt elements in series with a Maxwell
element.5

2.2. Application of Fourier Transform to a
Step Response
Without redundant discussion on the methodology covered in detail in sections 4.1 and
4.2, one method to assess viscoelastic behavior is to monitor material response to a stimulus
that resembles a step input in time. That stimulus could either be a force or displacement.
(Eq: 2-7) and (Eq: 2-8) show that the time response of the linear viscoelastic models is a
series of decaying or rising exponentials. Attempting to evaluate the individual material
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parameters E∞, Ei, ηi, D0, Di, ηi, and η∞ from empirical data can become computationally
intense, especially with higher-order models.

There have been a number of numerical

techniques practiced over the years. Moreover, once the parameters have been evaluated,
there are arguments as to the relevance of inferring the complex parameters of the complex
moduli of (Eq: 2-3) and (Eq: 2-4) since the conditions of these tests are considered static.
The design of this device took an alternative approach to analyzing the empirical data in
the time domain. Nothing was assumed about the material dynamics, so it was not accepted
a priori that a step input would not induce a dynamic response. This is a fundamental
distinction in how viscoelastic practitioners define the relaxation and creep responses as
discussed in sections 4.1 and 4.2. These responses are stated to be attributed to a step input,
yet in practice a ramp function stimulus is applied such that dynamic inertial effects are
avoided.3

This creates a paradox between the assumptions of the theoretical model and

experimental practice since the true definition of step function is an instantaneous excitation.
For the response of the material to be truly independent of the input stimulus, the
impulse response function is the ultimate objective.

Since inducing a true impulse

experimentally can be challenging, it is common practice to generate the impulse response
function indirectly by using a step input. This is achieved by taking the derivative of the step
response; the frequency domain response can then be found via the Fourier transform of that
derivative.6 This device evaluates the material parameters and complex modulus from the
conversion of the empirical data in the time domain to the frequency domain, all performed in
an integrated software application, National Instruments LabVIEW 8.6.1. This approach is
not common among the viscoelastic practitioners but yields comparable results.
This technique is very effective if the system dynamics contain poles that are complex. It
can be difficult if the poles are purely real.

If the models of section 2.1 are correct for

viscoelastic behavior, (Eq: 2-7) and (Eq: 2-8) indicate the poles of these materials should all
be real. Indeed this appears to be the case on some analyses of data sets on various polymers
presented in Chapter 5. However, this could be an artifact of the test conditions as discussed.
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In the case when all the poles are real, there is no frequency content to the system dynamics
and the resulting impulse response is flat or devoid of structure. Despite the difficulties
presented, if all of the poles are real the software is able to accurately evaluate the material
parameters. The algorithm is based on perturbations in frequency spectrum of the material
response.
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Figure 2-3: Step response frequency spectrum of multi-pole system.
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Figure 2-4: Derivative of step response frequency spectrum.
Figure 2-3 depicts a generic magnitude spectrum, synthetically generated, of a 3rd order
system to a step input. Note that the decay slope at high frequencies is ultimately -1.0.
Figure 2-4 is the derivative of Figure 2-3.

As high-order poles are encountered,

perturbations in spectrum occur which serve as indicators to the locations of those poles.
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Location of those poles allows the evaluation of the material and modulus parameters. This
concept is proven out with analyses on PTFE in Chapter 5.
Another potential benefit of performing the analyses in the frequency regime versus the
time domain is the potential of the test apparatus to skew the response results due to some
unforeseen background noise or something internal to the device. Since the impulse response
spectrum should be devoid of structure for a system with all real poles, then deviations from a
flat spectrum likely identify some external influence that could skew the results. In fact, that
did occur in the relaxation test mode as discussed in sections 4.1.2 and 5.3.
There is an important obstacle in accurately processing empirical data that is discrete.
Due to the fact that empirical data is discrete, generating the frequency content of the
material response dictates that “discrete” Fourier transform algorithms have to be employed.
If the signal in the time domain is considered non-periodic, then interpretation of the
transform results is not straightforward. This is attributable to the “discrete” Fourier
transform inherently presumes periodicity. There are two techniques that can address this
difficulty.
One is “windowing.” An informal perspective of “windowing” is that it is a weighting
function in the time domain. There are numerous “window” functions. The simplest are
square or triangular while others are very sophisticated exponential-type functions such as
the “Gaussian,” “Riesz,” “Riemann,” “de la Vallé-Poisson,” and many more.7

LabVIEW

software is utilized in this system for the servomotor control scheme, and it has integrated
tools for performing the “discrete” Fourier transform. It has a number of pre-programmed
windows but you can construct a custom window as well. The reciprocity relations of (Eq:
2-5) and (Eq: 2-6) are also commonly known as the convolution theorem. Convolution in the
time domain results in multiplication in the frequency domain. The converse is true as well
based on the fundamentals of the convolution theorem.8 Since the “window” possesses its own
Fourier transform, multiplication of two signals in the time domain, the “window” with the
material step response results in convolution in the frequency domain. This fact makes the
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magnitude spectrum of a non-periodic signal have some frequency content associated with
that of the “window.” Figure 2-5 illustrates the effects of “windowing.” What is depicted is
the magnitude spectrum of the step response of a generic underdamped 2nd order system with
two window types: 1) Hanning; 2) rectangle.

The spectra are distinctly different.

The

response in the time domain is depicted in Figure 2-6. The Hanning window shows the
expected peak at the oscillation frequency.

The rectangle window contains some high-

frequency peaks. Closer inspection of Figure 2-6 shows some higher frequency oscillations
on top of a base frequency just above 1 Hz. Which window is more appropriate? It takes some
experience to be able to decipher the results and apply an appropriate “window” for the
response signal of interest. It turns out that the rectangle window is well suited for nonperiodic signals that lack frequency structure.

Hanning

Rectangle

Figure 2-5: Effect of windowing.

Figure 2-6: Generic underdamped step response of 2nd order system.
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Another aspect to defining “windowing” is the time span. It is important that the window
time span to be long relative to any transients in the response.

If it is not, then those

transients are essentially filtered out.

Small delay in FFT
Correct spectrum

Larger delay in FFT

Figure 2-7: Effect of artificially induced delay of step input.
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E ( iω ) =

D ( iω ) =

The second technique aside from “windowing” to facilitate obtaining frequency spectrum
of a non-periodic signal is to introduce a delay in the stimulus that is input to the “discrete”
Fourier transform. This is simply done by making the step input magnitude zero for all time
less than some prescribed delay. The effect of such a delay on the magnitude spectrum of
actual relaxation test data is depicted in Figure 2-7. Without an adequate delay, the DC
gain is incorrect. As it is for “windowing,” determining an appropriate delay is a matter of
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experience. In the particular data set of Figure 2-7 the duration of the experiment was 1000
seconds and the induced delay was 40 seconds.
At this juncture, the material parameters can be evaluated by the software from these
pseudo-static tests, and then the complex modulus can be inferred analytically via
substitution of the appropriate values into (Eq: 2-9) and (Eq: 2-10). These two equations are
the Fourier transforms of the time-domain step response described by (Eq: 2-7) and (Eq: 2-8)
respectively. Both (Eq: 2-9) and (Eq: 2-10) can be split into imaginary and real constituents.
These constituents are grouped according to (Eq: 2-3) and (Eq: 2-4). As discussed in section
2.1, the real component of (Eq: 2-3) is associated with the elastic behavior of the material and
is referred to as the “storage” modulus E’. The imaginary component is associated with the
viscous behavior and is referred to as the “loss” modulus E’’. The inverses of these two moduli
are referred to as the “storage” and “loss” compliance (Eq: 2-4).

Moreover, reciprocity

relations between the modulus and compliance functions allow transformation between these
two measures as described by (Eq: 2-5) and (Eq: 2-6).
The utility of the Fourier transform allows for an expedient manner to process stress
relaxation and creep compliance test data that are pseudo-static. In turn, it can then be
implemented to infer the dynamic behavior of the material. If the material is truly linear,
then this should yield identical results to data obtained from the harmonic mode tests of
section 4.3.
The harmonic mode tests described in section 4.3 are configured such that the stimulus is
an oscillating torque. This is somewhat of an artifact of the servomotor amplifier wiring
configurations as described in section 3.2.1.

In this case (Eq: 2-10) is more relevant in

correlating the pseudo-static results with those of the harmonic mode tests. If the stimulus is
a displacement then (Eq: 2-9) is the function of choice. Stated earlier in this section, it is
common practice to generate the impulse response function indirectly by taking the derivative
of the step response. There is a well known theorem stating the time domain derivative is
equivalent to multiplying by iω in the frequency domain.7 The derivatives of (Eq: 2-9) and
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(Eq: 2-10) yield (Eq: 2-11) and (Eq: 2-12). (Eq: 2-11) and (Eq: 2-12) now represent the
impulse response in the frequency domain. Applying the fundamental definitions of complex
variables in (Eq: 2-13) and (Eq: 2-14), (Eq: 2-11) and (Eq: 2-12) are broken into real and
imaginary constituents juat as for (Eq: 2-3) and (Eq: 2-4).

Those real and imaginary

constituents correlate directly to the real and imaginary constituents of (Eq: 2-3) and (Eq:
2-4). These constituents are given by (Eq: 2-15) through (Eq: 2-18).
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Ignoring the offset values for both relaxation and creep, E∞ and D0 respectively, as well as
the linear term with respect to time for creep, the frequency behavior is enveloped within the
series summation terms of (Eq: 2-15) through (Eq: 2-18). Intuitive insight of the frequency
response can be developed by examination of the spectra generated under the assumptions
stipulated by (Eq: 2-19).

(Eq: 2-19) is simply stating that individual modulus and
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compliance values of the individual segments of both the Weichert and Kelvin models, Figure
2-1 and Figure 2-2 respectively, are algebraic inverses of each other. In reality this is not
necessarily the case but for the sake of insight it is convenient.

Another convenient

assumption is that the viscous damping elements of the individual segments are equivalent
as well.

These simplifying assumptions yield identical decay rates of the exponentials

contained within the series terms of both (Eq: 2-8) and (Eq: 2-9).

ω (rad/s)
Figure 2-8: Relaxation & creep parameters magnitude spectra.
Applying these assumptions to the series summation terms of (Eq: 2-15) through (Eq:
2-18), along with another special condition that all Ek = 1.0, results in the magnitude spectra
depicted in Figure 2-8. The “loss” constituents for relaxation and creep, (Eq: 2-16) and (Eq:
2-18), exhibit identical behavior. At low frequencies both E” and D” increase by ω. At a
particular frequency both parameters level out and maintain a relatively constant value over
a finite frequency band. The location of the initial rollover is an indication of the location of
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slowest decay rate value, also referred to as the slowest pole. As the frequency becomes
sufficiently large both E” and D” diminish by ω−1. The location of the final rollover is an
indication of the location of fastest decay rate value, also referred to as the fastest pole. The
number of peaks and valleys within the frequency band where the magnitude remains
relatively constant is a clue as to the order of the system.

In other words, how many terms

exist within the series summation of (Eq: 2-15) through (Eq: 2-18). Moreover, the location of
the peaks and valleys serves as clues to the values of the intermediate decay rates.
Unlike the “loss” constituents the “storage” constituents for both relaxation and creep do
not exhibit identical behavior. However, they do appear to mirror each other in the sense
that a symmetric axis can be defined about their intersection points. Figure 2-8 indicates
that E’ increases by ω2 for sufficiently low frequencies. At higher frequencies E’ approaches
an asymptotic value that is equivalent to the summation of all the elastic elements in each of
the Maxwell segments of the Weichert model of Figure 2-1. This behavior is consistent with
the series terms of (Eq: 2-15). Conversely, Figure 2-8 indicates that D’ is asymptotic at low
frequencies and diminishes by ω2 for sufficiently high frequencies. This behavior is consistent
with the series terms of (Eq: 2-17).
The total magnitude is the combination of both the “loss” and “storage” constituents as
indicated by (Eq: 2-20). The total magnitude is indicated in Figure 2-8 by solid circles for
the relaxation modulus and open circles for the creep compliance. The phase relation for (Eq:
2-20) is given by (Eq: 2-21). Applying the same assumptions as for Figure 2-8 the phase
spectra is depicted in Figure 2-9. A mirror-like relation is shown as well. This is due to the
fact that the numerator of (Eq: 2-21) is identical between creep and relaxation but the
denominator has the inverted or reciprocal behavior of the “storage” constituents with
frequency as depicted in Figure 2-8.
Despite the assumptions and special conditions applied to construct both Figure 2-8 and
Figure 2-9, the frequency behavior or spectra structure of the series summation terms of
either the creep or relaxation does not deviate even when the special conditions and
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assumptions are not valid. In other words, the viscous dampers play no significant role in
both the Weichert and Kelvin models of Figure 2-1 and Figure 2-2 respectively when the
stimulus frequencies are sufficiently low.

In this frequency regime the modulus of the

Weichert model is E∞. In the case for the Kelvin model, its compliance goes to infinity due to
η∞ If η∞ is not present, and a solid connection is made to D0, the resulting compliance would
be due to series arrangement of the compliance elements of each Voigt segment as shown by
(Eq: 2-22).

Figure 2-9: Relaxation & creep parameters phase spectra.
As the stimulus frequency increases to a sufficient level, the viscous elements begin to
dissipate energy. That energy dissipation increases both models’ resistance to motion, hence
the magnitude of the relaxation modulus increases with frequency and reaches an asymptotic
value. Conversely, the compliance diminishes from an asymptotic value with frequency.
As discussed earlier, there are two constituents for both creep compliance and relaxation
modulus.

The “storage” constituent is associated with the elastic elements Ek and Dk,

whereas the “loss” constituent is associated with the viscous dampers.

As the viscous

dampers dissipate energy with increasing frequency, the magnitudes of both “loss”
constituents increase by ω2. However, in both cases the energy dissipation is finite; therefore
the magnitude does not sustain the ω2 dependence. The source of this finite dissipation can
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come from a variety of mechanisms, but the underlying principle is that as the stimulus
frequency increases more power is attempting to be deposited into the material. Depending
on the material that power may be converted to heat or mass flow and the material has finite
capability of transporting that energy. The consequence is that the impedance of the material
increases and in turn the ability to transmit more energy or power into the material becomes
exceedingly more difficult. The result is that the damper becomes more rigid.9, 10
One other matter to consider as the frequency transitions into the high frequency regime
is that eventually inertial effects will begin to affect the response. If this were to occur a
much different frequency spectrum would result, but that is a contribution that viscoelasticity
does not account for as described earlier in this section regarding the paradox in assumptions
for the step response.
The “loss” constituents’ magnitude remains relatively constant over a finite frequency
band before it eventually dissipates by ω-2. This is now the high frequency regime where the
viscous dampers essentially seize up. In this regime the Voigt segments of the Kelvin model
also seize and the only element capable of supporting motion is the elastic element D0. In the
case of the Weichert model, the modulus is due to the parallel arrangement of the elastic
elements of each Maxwell segment as shown by (Eq: 2-23).
The fact that this consistency exists in frequency behavior makes it plausible to infer pole
locations as described earlier for the creation of Figure 2-4. Moreover, through the utility of
the Fourier transform, a figure such as Figure 2-8 can be constructed from empirical data
which can serve to locate the system poles as well. However, this is all predicated on the
condition that the material does respond linearly with the stimulus. The linearity condition
is a pervasive theme throughout this thesis.

Nonlinearity renders the principle of

superposition invalid upon which the Fourier transform relies.

D (ω → 0 ) = D0 + ∑ Dk

j

(Eq: 2-22)

k =1
j

E (ω → ∞ ) = E∞ + ∑ Ek

(Eq: 2-23)

k =1
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2.3. Non-Linear Contingencies
In linear theory, the individual elements in both the Weichert and Kelvin models
described in section 2.1 remain constant over the entire range of displacement or load as well
as over any rate of change in the displacement or load. This is not the case in nonlinear
materials, and one expects to observe nonlinearity in many biologic tissues. Fortunately, the
scope of this research confined the load and displacement levels to be commensurate with
physiologic conditions.

Under physiologic conditions the material response is generally

considered to be linear. Nonetheless, this device is capable of quantifying any nonlinear
behavior since displacement and load rates and magnitudes can be controlled. Modifications
to each of the four test modes covered in Chapter 4 can be adopted to quantify any nonlinear
behavior.
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3. Design
The test device is a digitally controlled drivetrain that converts rotational motion of two
servomotors into linear displacements. Figure 1-1 gives a contextual perspective as to the
size of the device. The entire device without the servomotors fits within an open-palmed
hand. The specimens that it tests are no larger than a 25 mm square.
Aside from longitudinal extension of the specimens, this device is capable of inducing
shear. This is achieved via pivoting about the four specimen mounting points such that the
load frame becomes a parallelogram, Figure 3-1. The acute angles of the parallelogram are
designed to be 60o at their minimum. Much of this will be dictated by the modular design of
the specimen brackets which is discussed in section 3.1.1.

Figure 3-1: Shear test mode.

3.1. Device Load Frame
The load frame converts rotational motion of two servomotors into linear displacements
via two 6-mm ball screws. Ball screw technology was selected over lead screws because of
friction. Since many of the biologic tissues of interest are soft with respect to engineering
materials it was deemed the additional cost of ball screws is well justified in order to keep the
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relative magnitude of the friction low compared to the load seen as stress in the specimens.
Figure 3-3 indicates that the frictional coefficient of ball screws is an order of magnitude
lower than that of lead screws.

4-40 Shoulder Bolts

Specimen brackets

Ball Caster

Vertical
Jacking screws

6-mm Ball Screws
Figure 3-2: Load frame.
Lead screw

Ball screw

Figure 3-3: Benefit of ball screw.11
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The ball screws are anchored within the two drive frames of Figure 3-2 and held
concentric via four precision 6-mm ball bearings. Those four ball bearings are seated via
countersunk holes within the drive frames. The holes are concentric with the longitudinal
axis of each drive frame within 0.001”. The ball bearings are press-fit into the countersunk
holes with the manufacturer’s prescribed tolerances specified in Appendix B.2.
Figure 3-4 illustrates how the ball screws are longitudinally fixed. The original concept
was to employ 6-mm spherical washers which are depicted in Figure 3-4. Unfortunately the
spherical curvature of these washers is too generous such that the spherical surface contacts
both the inner and outer racings of the ball bearings. So four nuts with shoulders were
custom fabricated. These brass nuts had special threads machined such that they conform to
the ball screw threads. The shoulder of the brass nuts butts against the inner racing of the
ball bearings. Extreme caution had to be exercised on assembly because over-torque of these
nuts tended to extrude the inner racing from the outer racing. These 6-mm ball bearings
cannot bear much thrust load. So if a redesign is in order this is an area that could be
examined in a future redesign.

Cap plates

Dowel pins

6-mm Ball bearings

Spherical washers

Figure 3-4: Anchoring of the ball screws.

30
Due to the thrust limitation of the ball bearings two cap plates with a recessed area pin
the integral flange of the ball bearing outer racing. Some redundancy to keep the ball screw
fixed longitudinally exists. Figure 3-4 illustrates that the posterior cap plate is located via
dowel pins, whereas the anterior cap plate is located by cap screws.
The ball screw frame mates with the anchor blocks via the three dowel pins in the
posterior of the ball screw frame.

The dowel pin locations are defined such that the

orientation of the ball screw frame is unambiguous. Moreover, one sees in Figure 3-5 that
the location of the dowel pins has some tight tolerances so that the central axis of the ball
screw is collinear with the threaded holes for the shoulder bolts that serve as the mounting
column of the specimen and stabilizer brackets on the top and bottom planes of the load
frame.

Dowel pin hole

Figure 3-5: Dowel pin locations.
The anchor block and the ball screw frame are not secured by the dowel pins alone. They
become fully coupled via a top and bottom guide plate. The subassembly drawings Appendix
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Fig A-5 and Appendix Fig A-6 show that the guide plates are precision located via dowel
pins as well.

This ensures that the oblong tracking through-hole for the shoulder bolts

attached to the ball screw nut is aligned with the ball screw central axis.
The ball screw frames coupled to the anchor blocks via the guide plates constitute the two
drive frames of Figure 3-2. The two drive frames become the load frame once they are
coupled via the specimen brackets and the stabilizer brackets on the bottom plane of the load
frame. The stabilizer brackets are more visible in Figure 3-1. The details of this coupling
follow in section 3.1.2 since it factors into the kinematics of the load frame.

3.1.1.

Modular Specimen Fixturing

0.716”

1.806”

1.004”

Figure 3-6: Specimen brackets.
As previously mentioned in Chapter 1, boundary conditions can factor into the viscoelastic
response of the specimen. So the design of the drivetrain and the specimen fixturing were
segregated so that the drivetrain interface has a universal threaded connection. This allows
the possibility that for any specific application the specimen brackets can be customized, and
the drivetrain simply provides the basis to apply appropriate stimulus to evaluate the
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specimen response. The two threaded holes in the anchor block of the load frame are 8-32
UNC and the two holes in the pivot/slide block attached to the ball screw are 4-40 UNC.
Figure 3-6 is the rendering of the specimen brackets specific to the research sponsored by
Dr. James Hammel of UNMC. As previously mentioned the materials being evaluated are
various implant materials for a cardiac septal defect in infants. The implants are sutured
into place when deployed and the design of these brackets is to emulate the boundary
conditions of those sutures.

Likewise, for other materials the bracket design can be

customized to emulate whatever physiologic conditions the material may experience.
In this particular case the brackets are configured to mimic the suture interval necessary
for the implant application. The suture pattern has puncture holes of 0.5 mm spaced 2 mm
apart. The first brackets fabricated allowed the physician to suture the specimen directly to
the bracket with Vicryl thread. This proved to be labor intensive. To expedite specimen
mounting, another bracket assembly incorporates MOLEX IDT connectors which have the
precise pattern of the suture interval needed. These connectors are utilized in the electronics
industry for connections of ribbon cables to PC boards (Figure 3-7). Their utility, aside from
the speed with which they can be fastened, is in the ability to pierce the specimen and their
interlocking mechanism that ensures the specimen is secure.
To validate the use of these connectors, tests were conducted on an INSTRON uniaxial
mechanical test machine. There were concerns that the piercing of the material by the pins of
these connectors could cause premature failure of the specimen.

Both homograft and

umbilical cord tissue were tested to failure. In conjunction with these tests, comparisons
were drawn from this study between these materials from a conventional elastic response and
failure strength perspective. A synopsis of those results is included in section 5.7. It was
concluded that these connectors are viable fixation devices for these materials.
The specimen brackets are secured to the load frame via four shoulder bolts. Figure 3-6
illustrates the longitudinal extension degree of freedom the shoulder bolts allow.

An

additional design criterion was imposed on the specimen bracket assembly in that it has the
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capability to subject the specimen to a shear mode test. Figure 3-8 depicts the specimen
bracket assembly pivoting into a shear test mode configuration. Two motives inspired this
capability: one is that there are concerns if tissue implants for vascular applications incur out
of plane deflections, and the other is that viscoelastic materials will often exhibit greater
viscous or damping behavior when subjected to shear forces.

Figure 3-7: MOLEX IDT connector used for specimen mounting.

60

o

Figure 3-8: Shear test mode.
Three matters had to be addressed in the bracket assembly design to accommodate the
design criteria. The foremost is that to accomplish shearing motion all four boundaries of the
specimen must be fixated. The second is that to accomplish adequate shearing motion the
brackets need to pivot a minimum of 45°. These two matters are in conflict with each other.
To fixate the specimen, anchoring mechanisms are required.

Attempting to fixate the

specimen at or near pivot axes interferes with the shearing angle capability of the assembly.
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So compromises have to be incorporated in the design. Figure 3-8 depicts the interference
potential at the pivot corners.

The design of the MOLEX IDT connectors allow for the

discretionary clipping of the gold-colored headers. This can be done on a case by case basis.
Illustration of this clipping potential is in Figure 3-9.
The third matter is that the fixation of the specimen needs to be on the same vertical
plane to not artificially induce out of plane distortions beyond what is induced by the shearing
motion. This necessitates the Teflon standoff tubes that envelope the shoulder bolts colored
in white.

Figure 3-9: Clipping of MOLEX connectors.
The complications the shearing requirements impose on the device are accounted for in
the design but the primary objective and capability focuses on the longitudinal test capacity of
the servomotors to perform the four test modes outlined in Chapter 4.

3.1.2.

Load Frame Kinematics

As demonstrated in the previous section, the specimen brackets have the capability to
extend and rotate. Longitudinal extension is achieved via conversion of rotational motion of
the servomotors to linear translation through the ball screw. Figure 3-10 demonstrates
rotation actuation. There are two shoulder bolts in the same plane with spur gears concentric
to the bolts. The shoulder bolt indicated by the red arrow can be rotated by an Allen wrench
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or a servomotor with the appropriate coupling. The spur gear concentric to this bolt is brazed
to the bolt and will be referred to as the pivot gear. The adjacent spur gear is fixed to the
anchor block via dowel pins.

Figure 3-10: Rotation actuation.
The load frame is kinematically mounted to the base plate via two vertical jacking screws
and a ball caster. This is illustrated in Figure 3-2. The four pivot points of the specimen
brackets in conjunction with the ball caster allow for independent motion of the free-side axis
of the load frame to which the ball caster is coupled.

This mounting scheme minimizes

binding between the two drive frames axes as the specimen is extended longitudinally.
Moreover, this scheme promotes rotation actuation when torque is applied to the pivot gear.
Note that it is necessary to disengage the servomotors from the ball screws to allow for this
rotation.
One detrimental consequence of this scheme is that during longitudinal extension the
servomotors must rotate in conjunction.

If this does not occur the rotational degree of
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freedom of the specimen and stabilizer brackets will result in a lateral binding of the free-side
drive axis. More on this matter is discussed in the alignment issues of the next section 3.1.3.

3.1.3.

Drivetrain Alignment

Figure 3-11: Manual actuation of one central gear.
The kinematic mounting scheme of the load frame as described in the previous section
minimizes binding between the two axes of the load frame as the specimen is extended
longitudinally. This benefit exists in the original design of the actuator mechanism which is
manual rotation of a central spur gear via a calibrated torque wrench. The central gear
meshes with two spur gears attached to the ball screws as depicted in Figure 3-11. This
central gear assures that the rotation rate of both drive axes is identical. If the specimen
tension varied spatially the free axis can compensate to counter the variation.
For example, if a tension gradient occurrs such that it is greater on the fixed axis a
counter torque occurs over the span of transverse specimen brackets. This counter torque
then translates forward the free axis via the degree of freedom the ball caster allows. There
was a concern the manual suturing of the specimen to the brackets, if not standardized,
would be sufficient to cause a translation that would unseat the meshing of the central gear
with the two spur gears. Our experience was that this never happened. Unfortunately, what
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did occur is that the specimens relaxed so quickly that the specimen tension could not be
maintained through manual actuation.
The addition of the servomotors and their need to be directly coupled to the mounting
plate and ball screws has diminished the benefit of the ball caster if not entirely negated it.
Hence, the addition of the servomotors mandates meticulous alignment of the drivetrain. The
entire assembly is aligned on an optical flat prior to specimen mounting. The alignment is
done by a combination of mechanical techniques and manual feel. More precise techniques
and instrumentation could be employed but the cost would increase substantially. Based on
the designed load capacity of 40N as stipulated in section 5.1, the friction in the drivetrain
should remain below 5mJ given the friction load relation described in Figure 5-1.
As stated the alignment procedure is manually performed on an optical flat.

The

procedure is tedious and requires some standardization to yield suitable and repeatable
results. The procedure details are contained in Appendix C.
In summary, the planarity between the two load frame axes is less than 0.13 mm in the
vertical direction, which equates to 1.67 mrad. The parallelism between the central axes of
the two ball screws is dictated by the alignment of the two servomotors and the tolerances in
the specimen brackets. Precision gauge blocks which have parallel surfaces well under 1
mrad are used to square the specimen brackets, and this in turn squares the two axes of the
drivetrain through the pivot axes. While the gauge blocks are in place, the servomotors are
engaged to the nuts at the end of the ball screws. The mounts to the servomotors allow for
translation in the three orthogonal directions and two rotations: pitch and yaw; to facilitate in
alignment with the load frame axes. The mounts are then incrementally tightened to avoid
disturbing the axial alignment. Parallelism precision achieved is under 1 mrad.

3.1.4.

Drivetrain Servomotors

Specifying the servomotors requires knowledge of the limits of the torque required for the
task.

At the time of motor specification, the only knowledge of the material being

investigated came from the INSTRON tests discussed in section 5.7, and the experiments

conducted via manual actuation mention in section 1.1.
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While that is useful there was

absolutely no knowledge of the viscoelastic parameters within an order of magnitude
whatsoever. There are two tasks that present the most demand on the servomotors and the
load frame: 1) stress relaxation, 2) harmonic mode. The creep tests are the least taxing on
the servomotors and load frame.
Chapter 4.

The specifics on executing these tests are discussed in

Nonetheless, the nature of the relaxation and harmonic tests need to be

considered here to specify the requirements for the servomotors.
The relaxation test is to impose an instantaneous displacement while the decrease in load
is monitored over time. The question is what constitutes an instantaneous displacement? If
the displacement is 1 mm and it has to be executed in 1 msec that is equivalent to 1 m/s.
That velocity seems benign but if the stiffness of the specimen is 100N/mm, the stiffness of
the PTFE specimens tested in sections 5.3 and 5.4, then the drivetrain must be capable of
exerting 105 Nm/s, or 0.1 megawatt.12 That is unrealistic for a handheld device.
Defining the timeframe is crucial in specifying the capability of the servomotors. The
fluorocarbon PTFE has mechanical properties commensurate with vascular tissue. In fact, it
has been used for vascular grafts in patients who have been victims of various traumas.13, 14
DuPont data shows that relaxation time for this material is on the order of minutes.12 So if
the displacement occurs within one second then the relaxation time is at least two orders of
magnitude larger. That is considered acceptable.15, 16
Typically most stress relaxation tests for polymers are executed such that the total
specimen elongation is no greater than 20% so that the total strain is considered to be in the
linear regime.17 The specimen brackets can extend the specimen to a maximum length of
26mm. For 20% elongation the original length is 20.8mm for this scenario. So the total
displacement is 5.2mm. The pitch of the 6-mm ball screws is 1 mm per revolution and the
servomotors are coupled to the ball screws with a transmission ratio of 1:1.

For the sake of

conservatism specifying the extension time to be ½ second yields a rotational rate of 624 rpm.
That is trivial for most servomotors.

39
The other parameter of concern is the torque level needed to conduct the relaxation test.
Since the material is deformed plastically at the inception of the test the stress level within
the specimen is approximately the yield strength of the material. The INSTRON data of
section 5.7 indicate that the failure stress of these tissues is approximately 1 MPa. Applying
conservatism and using that stress level over the yield strength for a specimen 2mm thick
and 18mm wide the uniaxial load on the frame is 36N.
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Figure 3-12: Friction on an inclined plane.
Converting the uniaxial load to a torque the “leverage coefficient” of the ball screw needs
to be defined. It is common to model threaded rods or screws as an inclined plane. Figure
3-12 is a free body diagram of a friction force acting on an inclined plane. (Eq: 3-1) indicates
that for the 6mm ball screw with a 1mm pitch, θ = 3°.

For this inclination angle and

assuming the friction coefficient, μ ≈ 0.1, the “leverage coefficient” becomes ρleverage ≈ 0.0003,
as prescribed via (Eq: 3-2). The product of the “leverage coefficient” and the axial load of 36N
yields approximately 11 mJ. The product of this torque and the angular frequency, ω, yields a
power requirement of 353mW.
The requirements defined above pertain to the relaxation test mode. The harmonic mode
needs to be accounted for.

Fung suggests that harmonic tests should be conducted at
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frequencies that represent physiologic conditions. So the peak frequency should not exceed
10Hz.18

Experiments conducted on anaesthetized sheep in vivo indicate that common

physiologic strains under this condition ranged from 4% to 20%.19 The low value probably
pertains to venous tissue and the high value for arteries. The strain rates at 10Hz correspond
to 40 to 200 percent per second respectively. This strain rate and a specimen 25.4 mm in
length (1”) (Eq: 3-3) requires a 3048 RPM capacity of the servomotors.
The torque level of 25 in-oz in (Eq: 3-4) is based on the experiments conducted by manual
actuation of the assembly in Figure 3-11. Those experiments can be considered static due to
the rate at which manual actuation is applied. The torque levels exerted by the specimens in
those experiments were approximately 2½ in-oz per axis. Published literature on the complex
modulus of vascular tissue suggests that the magnitude increases by a factor of 10 from a 1
Hz to 10 Hz stimulus hence, 25 in-oz.18, 19, 20 The factor of 10 is a conservative in the context of
torque specifications. There has been research suggesting substantially smaller increases.21
Appendix B.1 has the specifications boxed in red for the FAULHABER 2657WO24CR
servomotors selected for this application. These

servomotors are rated at 48 watts each so

the parallel combination is more than sufficient for the harmonic test mode. Moreover, there
is a margin factor of 2.0 applied in defining that requirement by (Eq: 3-4).

3.2. Control System
Each test mode of Chapter 4 has a separate control scheme due to the requirements of the
test mode.

Nonetheless, there is commonality among all the modes in how the system

communicates, signal conditions, and controls the servomotors. The cost of the system less
the computer and the load frame described in section 3.1 is on the order of $2k - $3k. This
cost is for the hardware alone and not the development time for the software.

3.2.1.

System Components

Figure 3-13 shows all of the components to the control system along with the load frame
and servomotors. Wiring connections are not included to avoid clutter. The WINDOWS XP
computer communicates to the DAQ board via USB connection.

This is convenient and

inexpensive to implement but there is a fundamental limitation to this technology.
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The

computer cannot transmit and receive signals simultaneously.22 That is acceptable if the
computer simply acts as a data collection system or for an interface for the user to program
any motion controller for the servomotors. However, in this case the computer is responsible
for everything: user interface, motion control, and data collection. The DELL Lattitude D810
being used has only one CPU. In the case of the relaxation mode testing there have been
times of loss of control. Nonetheless, the system does work. There are several factors that
contribute to the occasional loss of control. The primary is the load on the CPU. The next
contributing factor is the serial bus communication of the USB. Another significant point, the
WINDOWS XP operating system can waver at times in performance because the sllocation of
system resources cannot be prioritized. National Instruments can allocate operating system
resources through LabVIEW on other operating system platforms. Having this capability
would enhance control.

Figure 3-13: Control system components.
Detailed wiring schematics and DAQ board pin-outs for both the servomotors and the
encoders are in Figure 3-14 and Figure 3-15. The connections to the DAQ board do not
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change regardless of control mode. However, the connections to the KEPCO amplifiers do
differ when either attempting to control position or torque. In the case of position control the
amplifier voltage needs to be controlled and the wiring schematic is in Appendix Fig D-1.
Torque control requires current control of the amplifiers and the schematic is in appendices
Appendix Fig D-2.
CAUTION NOTE: Proper switching must be toggled accordingly when switching
from one mode to the other as specified in both Appendix Fig
D-1 and Appendix Fig D-2. It should be noted that any of the
test modes within LabVIEW can operate regardless of the
amplifier configuration. So CAUTION must be exercised to be
sure the LabVIEW test mode is consistent with the amplifier
wiring and switch configuration or the system can be severely
damaged.

Figure 3-14: DAQ pin-out connections & wiring schematic of servomotors.
The analog inputs, pin-outs 1, 4, and 3 as shown in Figure 3-14, remain the same. They
are connected via a coaxial connection to the rear console of the amplifiers. This rear console
has a 50-pin edge connector with the pin-outs specified by the manufacturer in Appendix
Fig D-3. The coaxial cable is jumped to pin 10 which is a voltage output that is proportional
to the amplifier output current at 2V/A. This is an additional feature that allows monitoring
of the current without having to add a load in series with the motors.
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A PID controller is implemented within LabVIEW software. The details of PID control
theory are outside the scope of this research but something can be said to give a conceptual
perspective as to what a PID controller does.

Understanding the concept requires little

knowledge beyond ordinary differential equations.

Figure 3-15: DAQ pin-out connections & wiring schematic of encoders.

Figure 3-16: Step response of linear 2nd order system.23
Consider a generic linear second order system and its response to a step input depicted in
Figure 3-16. The steady-state response is the same as the step input less some error. The
transient response can either be over-, under-, or critically damped; if underdamped, the
response is a damped sinusoid. If the PID controller is tuned correctly, the sinusoid will be
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nearly critically damped. If this is accomplished the rise and settling time will be minimized
as well as the percent overshoot. It is possible to get a zero overshoot but that requires
overdamping which in turn increases rise and settling times. So critical damping can be
thought of as the “sweet spot” of the PID control. Obtaining the “sweet spot” of the PID
controller requires tuning which is not always trivial.
PID is actually an acronym for Proportional-Integral-Derivative (PID) control. The P
term is associated with the proportional gain in the system. The greater it is, the quicker the
system is to responding to any input stimuli (or instantaneous measured system error).
Hence, the system is thought of as being stiff similar to a spring, k. If k is high then it is
more difficult to displace it from the equilibrium position.
The D term is associated with the damping in the system. This identifier stems from the
fact that linear viscous damping is proportional to velocity which is the “derivative” of
position. Tuning a PID controller, one wants a high P which reduces rise time, but increases
overshoot. Then one increases D to reduce overshoot and settling time. But caution has to be
exerted in this process. The wrong combination of P and D can make the system dynamics
unstable. So tuning is generally done by varying one parameter at a time.
The I term can be thought of as a DC gain of the system dynamics. This is not the
traditional explanation of the “integral” gain.

It is an alternative perspective from the

frequency domain.24 Ideally the DC gain would be unity so that there would be no reduction
or amplification of the input stimulus which yields a steady-state error of zero. This can
never be the case especially for a quick stimulus such as an impulse. A true impulse has
frequency content through the entire range of the frequency spectrum. All dynamic systems
act as some type of filter whether low- or high-pass or otherwise. So the I gain is increased to
reduce the steady-state error. This parameter is generally the last to be tuned after the PD
gains have been set. Again, the system dynamics can be coerced into an unstable condition if
this gain is set too high. So this gain is generally set to zero until after the other two have
been set.
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PID Gains

Figure 3-17: PID controller position in feedback loop.23

I

P

D

Figure 3-18: Relation of PID gains within the controller itself.23
Figure 3-17 and Figure 3-18 relate how the PID controller factors into the control
scheme and what signal each of the individual gains act upon to yield an output control signal
for the servomotors. In short, LabVIEW defines the “Set Point.” The “Process Variable” is
read from the DAQ board and in all of the test modes of Chapter 4 this is the incoming signal
from the optical encoders. The difference in these signals is the error signal. The error signal
is weighted by the factor defined by the “I” gain and integrated over time and passed on to a
summation terminal. The process variable is weighted by the “D” gain and differentiated
with time and passed to the summation terminal. The summation of the error with the
weighted integral error less the weighted differential process variable is the multiplied by the
“P” gain. This now results in the output control signal that is passed from LabVIEW out the
DAQ board to the servomotor amplifiers. It should be noted that there are two independent
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control signals for each of the two servomotors despite only a single PID controller in the
LabVIEW code. The PID controller is capable of handling multiple channels.

3.2.2.

Signal Synchronization

There are four distinct needs listed in Table 3-1 that mandate signal synchronization
between the encoder signals and the servomotor control and torque signals. These needs
seem obvious even to casual observers. Nonetheless, synchronizing signals within LabVIEW
is not trivial and there are few effective example VIs available through the National
Instruments website. National Instruments does sell separate hardware modules such as
motion controllers, signal generators, oscilloscopes, spectrum analyzers, etc. that require a
higher level of programming sophistication. Despite this National Instruments still markets
LabVIEW as a tool that can be programmed to function as a replacement for all these types of
devices. Synchronization can be difficult to achieve within the standard LabVIEW software
unless one uses such specialized hardware, and in that sense LabVIEW can be considered
more effective for pure data collection, as post-processing approaches are more easily
implemented.
1
2
3
4

Correlate signals.
Measure phase change.
Control.
DAQ timing.

Table 3-1: Synchronizing signals, why?
Each of the viscoelastic test modes has all four needs indicated in Table 3-1, but their
control scheme imposes different constraints on how synchronization can be addressed. The
relaxation, creep, and strain rate modes have PID controllers whereas the harmonic mode
does not. The presence of a PID controller mandates that parallel read and write DAQ tasks
exist within the same loop. Despite the tasks being configured in parallel their execution has
to occur serially since the PID controller needs to act upon the incoming data from the read
task before sending command signals to the write task. This presents obstacles to the DAQ
timing. Conversely, the harmonic mode test separates the read and write DAQ tasks into
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parallel loops. This reduces obstacles on the DAQ timing, but the loops may not iterate at the
same rate. This presents obstacles correlating output signals with stimulus signals.

3.2.2.1.

Synchronization for the PID Controllers

Starting with the case for the test modes with PID controllers, Figure 3-19 is the
LabVIEW block diagram of initiating the DAQ tasks for those tests. The first thing to note is
that there are two parallel COUNTER tasks boxed by the blue dashed lines in the center,
whereas there appears to be a single READ (bottom) and WRITE (top) in parallel with the
counters. The READ and WRITE tasks can handle multiple channels. There are two, one for
each servomotor.

The COUNTER can only accommodate a single channel.

technical aspects about this fact.
COUNTER is digital.

There are

The READ and WRITE tasks are analog while the

Furthermore, the encoders themselves are three-channel output

devices, see Appendix B.1. The analog tasks are only sending or receiving an individual
signal on each channel.
To facilitate synchronization, all of the tasks are clocked at the same rate and the yellow
shaded boxes are the DAQ timing VI’s which are clocked by the internal clock governing the
analog output signal of the DAQ board.

The clock rate is user defined within the “PID

Utility” sub-VI which is discussed more in detail in Chapter 4.

For the degree of gain

required for the relaxation and strain rate tests the recommended setting is 125 kHz. It can
be less, but all DAQ tasks in Figure 3-19 will be clocked at the same rate. Furthermore, note
that all of the tasks clocking occurs on the rising edge of the clock pulse. It can be the falling
edge as well but all of the tasks must have the identical trigger to be synchronized.
The green shaded box in Figure 3-19 initiates a 0V output signal to the servomotors prior
to execution of the control loop of Figure 3-22. The WRITE task within the control loop will
not initiate any signal transmission until the command signal from the PID controller
becomes available. If the DAQ is not sending any signal to the servomotors while waiting for
the command signal, a DAQ timing error will occur, hence the need to transmit an initial 0V
signal.

It should be noted that it would be more appropriate to send a voltage level
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commensurate with the pretension level defined within the “Pretension” sub-VI discussed in
detail in Chapter 4. It is possible to pass that value out of the “Pretension” sub-VI for this
purpose. The 0V signal allows for the specimen to recoil from the pretension to the extent of
the time span that signal is transmitted.
The blue shaded box in Figure 3-19 highlights the error wiring from the COUNTER
tasks to the WRITE task.

LabVIEW has a dataflow protocol mandating that no VI can

initiate execution until all data or signals on incoming wiring terminals are available. The
sequential path of the error wiring in the blue shaded box ensures that the COUNTER tasks
have armed or energized the encoders prior to execution of the control loop of Figure 3-22. If
this is not done prior to the control loop then any delay in arming the encoders will result in a
delay between the encoder and the command signals which will destabilize the system.

COUNTERS

Figure 3-19: Synchronizing the timing of parallel DAQ tasks WRITE, COUNTERS, and READ.
Once all of the signals of setting up the DAQ tasks within Figure 3-19 are available for
the control loop of Figure 3-22 execution of the control loop is initiated. The green shaded
box within the control loop envelopes the processes that occur between the counters obtaining
the encoder signals and the DAQ transmitting commands from the PID controller.

The
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control loop reads in 50 samples at 125 kHz, processes it and determines an appropriate
output signal via the PID controller, and writes out the 50 samples of the control output at
the 125 kHz rate. The read and write DAQ tasks of the signals takes a total of 0.8 msec. The
loop iteration rate achieved is approximately 200 Hz. So the processes within the green
shaded box span no less than 4.2 msec. This delay does not present complications for DAQ
timing. It does present challenges in control stability, which is discussed in section 3.2.3.

3.2.2.2.

Synchronization for the Harmonic Mode Tests

Since no PID controllers are needed for the harmonic mode tests the different types of
DAQ tasks can operate in independent parallel loops which help DAQ timing issues.
However, each of the loops can operate at different rates. This presents different challenges
in synchronization.
For simplicity of presentation, the three types of DAQ tasks in Figure 3-19 without the
need for the PID controllers can now be split into three parallel loops. There is also a fourth
which collects the information from the first three and processes, displays, and archives the
data. This VI architecture allows the DAQ loops to iterate at a rate strictly dependent on the
ratio of the DAQ sampling rate and buffer size. The fourth loop, the processing loop, proceeds
at whatever rate is dictated by the processing, displaying, and storing of the data. However,
there is one underlying obstacle within LabVIEW that does interfere with the independent
iteration of all four loops. The nature of how LabVIEW communicates data between parallel
loops requires DRAM from the computer. In general, if the loops generate and process data at
equivalent rates, then the demands of the DRAM are managed well and program execution is
not impeded. Unfortunately, the DAQ can generate data faster than a lot of the processing,
which imposes a backup of data accumulating in the DRAM, which can bring program
execution to a crawl. So if information needs to be shared, then independent iteration is not
feasible. So many checks and balances are implemented to be sure these tests can execute
correctly.
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The interactive GUI for the harmonic mode tests compound the synchronization issues
described above. The user is allowed to change test parameters during test execution. While
the user is entering these changes the specimen stimulus is not interrupted.

This is a

significant programming achievement to not allow the activity on the interactive GUI to
interfere with specimen testing. Once the test parameters are redefined, the DAQ timing will
be redefined, which then means all of the loops will need to be resynchronized. So triggers
are implemented within the program as well.

Figure 3-20: Synchronizing the timing of independent parallel loops.

Figure 3-21: Computing waveform timing parameters.
Figure 3-20 is the loop that controls the interactive GUI and defines the timing
parameters that will synchronize all of the loops for this test mode. The blue shaded boxes
establish if the interactive GUI is active and if so acquires the pertinent information for the
signal waveform from the GUI and then computes the required timing parameters. The first
blue box envelopes the logic VIs that continuously monitor the input waveform parameters
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which are input from the GUI. The GUI is activated if the user changes just one of those
parameters. The logic VIs compare the current parameter values to those of the previous loop
iteration which are passed in via a shift register. If indeed they have changed then a nested
inner case structure is activated to accept the current values.
In the meantime the servomotors are still actuating the load frame with the previous
waveform. So specimen stimulus continues without interruption. This is possible because
the waveform is buffered into the DAQ memory. In other words, since the waveform for this
test mode is periodic it is not necessary for this loop to continuously transmit magnitude and
time information onto the DAQ. One period of the waveform is computed and stored in the
memory of the DAQ so the DAQ can continuously transmit to the servomotor amplifiers while
the user interacts with the GUI.
As the user changes the input parameters, they are accepted into the nested inner case
structure and passed into a custom VI which is enveloped by the second blue shaded box and
is identified by the ID numeral 5. Figure 3-21 is the block diagram of that VI. The sample
clock rate for this loop and the other two parallel loops that receive the servomotor torque and
encoder signals is determined by this VI. The sample clock rate is the ratio of the product
between waveform frequency and buffer size to the number of waveform periods the user
defines to be stored in the buffer. The number of cycles is usually one, but many times the
user will define more because the GUI displays in the time domain the waveform over the
time period dictated by the number of cycles. Most users like multiple cycles.
Once the timing parameters and waveform computations are complete, the timing
parameters are passed to what is known as a “Property Node” which is enveloped by the
yellow shaded box in Figure 3-20.

This makes this information available to the entire

program globally. So now the other two parallel loops with DAQ tasks have access to this
timing information and can use it to set the clock rates in those tasks.
The green shaded box of Figure 3-20 also employs a “Property Node” to notify the other
loops that the GUI has been activated and new timing parameters are now available to
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receive. The property node identified as “User Interface Active” is set to the Boolean value of
true. There is a “WAIT” loop downstream of this property node in the green shaded box. This
loop suspends or interrupts progression of this loop until “User Interactive Active” is toggled
to false by the loop that receives servomotor torque signals, which is the bottom loop depicted
in Figure 3-22. That loop has to rearm the timing trigger in the blue shaded box. Note that
the trigger VI identified by the ID numeral 25 is set to look for the trigger coming from the
analog signal from the loop of Figure 3-20. Once the trigger is armed, the “User Interface
Active” is toggled to false which then suspends the “WAIT” loop in Figure 3-20. The WRITE
task is executed in Figure 3-20, which sends out a μsec pulse which is the trigger that
synchronizes the loops in both Figure 3-20 and Figure 3-22, and all 3 DAQ loops proceed at
the same clock rate.

Figure 3-22: Handshaking and triggering role in synchronizing independent parallel loops.
The 3 DAQ loops of both Figure 3-20 and Figure 3-22 proceed at the clock rates defined
by the VI of Figure 3-21, but if the processing loop does not keep pace the DRAM demands
will impede the program progression. There is no coordinated handshaking and triggering as
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for the 3 DAQ loops. The sophistication of the VI in Figure 3-21 that defines the timing
parameters does so based on the waveform defined by the user. Since the harmonic mode
tests discussed in section 4.2.3 don’t exceed 10 Hz the DAQ sampling rate should not ever
exceed 10 kHz unless the user defines a buffer size to be excessive, greater than 1000
samples.

There are no caps defined in that VI, but that would be straightforward to

implement. As long as the DAQ sampling rate remains reasonable, less than 10 kHz, the
processing loop should keep pace with the loops designated for the DAQ tasks.

3.2.3.

Stress Relaxation Mode
P
I
D

40
0
3 x 10-7

Table 3-2: PID settings for relaxation test mode.

Figure 3-23: Parallel loop structure for data collection and GUI display along with sub-sampling logic
structure to enhance iteration rate of the control loop. These structures are highlighted by
yellow shaded boxes outlined by red dashed lines.
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Without redundant discussion on the methodology covered in detail by section 4.1, this
test mode requires position control of the two servomotors. So the wiring configuration must
comply with Appendix Fig D-1.
The servomotors are equipped with optical encoders with 500 lines per revolution. Their
signals are passed into the PID controller that has the gains set according to Table 3-2. The
P parameter is quite high due to the stiffness requirements of this test mode. This high gain
specification requires the iteration rate of the control loop in the LabVIEW code to be as short
as possible to reduce delays on acting upon the incoming encoder signals. The maximum rate
capability in the WINDOWS OS is approximately 1 kHz for a loop that is executing some very
simple tasks. In general, aside from any operating system delays, the loop iteration rate is
dictated by the DAQ board sampling rate and sample size as long as the loop has no
processing or logic contained within the same loop. If data collection is the priority, then
processing can be passed off to a parallel loop to preserve loop iteration speed. Since control
is needed, and the PID controller acts on encoder signals obtained by the DAQ READ tasks,
the processing associated with the PID controller cannot be delegated to a parallel loop.
As presented in section 3.2.2.1, the time span for receiving encoder signals and
transmitting command signals for 50 samples at 125 kHz is 0.8 msec. The actual loop rate
achieved is approximately 200 Hz. So the processing is dominating the loop burden. Since
the PID controller is only operating on a single sample point from the sample set of 50, an
attempt to reduce the processing burden by reducing the number of samples divulged some
limitations of the hardware. The reason the sample size is not simply one is that the USB
6229 DAQ board does not support “single-point” READ and WRITE tasks. Hence, the data
arrays must have a finite length. The sample size was reduced to 40, 30, and next to 20. As
the data rates increased, the burden on the CPU, monitored via the WINDOWS Task
Manager, eventually saturated at 100%. Once this occurs the computer is not keeping up
with the task even if the DAQ board is. So the bottleneck appears to be the PID controller
demand on the CPU. The system seems well behaved if the sample size does not go below 40.
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For the sample size of 50, the burden on the CPU time varies from 70-90%; sometimes there
are intermittent 100% peaks but the burden does not dwell at that level. The consequence of
this is that all other applications have to be shut down when executing these tests. It is
prudent practice to freshly boot the computer prior to conducting these tests to clear any
residual memory demands from earlier applications.

The control system is capable of

performing the tasks as prescribed by section 4.1. However, the system is very much at the
limit given the hardware limitations.

The PID settings in Table 3-2 below yield stable

behavior only for the conditions described in section 4.1.

If the test conditions change,

specifically the ramp rate of the specimen offset, then it is necessary to check the stability of
the system and retune the gains as needed.
The processing associated with data collection and the GUI display is delegated to a
parallel loop as shown in Figure 3-23. In addition to the parallel loop a logic structure
defines sub-sampling since collection and display of every single data point is unnecessary.
Sub-sampling reduces burden on memory and the CPU.

3.2.4.

Creep Compliance Mode
P
I
D

1
0
0

Table 3-3: PID settings for creep test mode.
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Figure 3-24: Torque correction between the two axes based on rotation difference.
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Without redundant discussion on the methodology covered in detail by section 4.2 this
test mode requires torque control of the two servomotors. So the wiring configuration must
comply with Appendix Fig D-2. Heed should be given to the cautionary note of section 3.2.1.
The PID controller has the gains set according to Table 3-3.

These settings do not

threaten the stability of the system for this test mode. The P gain at 1.0 and the others at 0
results in the error signal becoming the output command as indicated by Figure 3-24. For
this test mode the “set point” is 0.0 and the “process variable” is the difference between the
rotations between the two axes. Due to specimen variations or even stiction between the two
drive frames, applying identical torque commands to the two servomotors results in one axis
proceeding at a different rate than the other.
As discussed in section 3.1.2, the kinematics of the load frame with the addition of the
servomotors mandates the servomotors to rotate in conjunction during longitudinal extension
of the specimen. If this does not occur, the rotational degree of freedom of the specimen and
stabilizer brackets will result in a lateral binding of the free-side drive frame. So the PID
controller monitors the difference and compensates by varying the torque applied to each
axis. Figure 3-24 indicates that if R2 – R1 = 1, this corresponds to 2π radians and 1mm linear
extension, the output of (-1) will emerge from the PID controller and be summed with (+1)
yielding (0 × nominal current setting for the torque level desired). Since the PID handles both
channels, the other axis will see a command signal of (2.0 × nominal current setting for the
torque level desired). The control scheme for this test mode is based on this logic; however, a
cap in the difference in the command signal is defined not to exceed the envelope of 1.2:0.8
between the two axes. So the torque level between the two axes can never differ more than
20% from the nominal value and 50% relative to one another.
This correction scheme seems to be effective. Depending on load magnitudes and the
specimen characteristics the correction ratio can be adjusted. Figure 3-25 shows how the
torque correction factor can be adjusted within the LabVIEW code. There are two parameters
to be adjusted. One is the difference in rotation between the two axes so that the logic
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recognizes a discrepancy that is becoming excessive, and the other is the cap value. Note that
the cap value is half of the discrepancy in the rotation parameter.
The LabVIEW code for the creep mode applies an identical parallel loop and sub-sampling
logic structure as the relaxation mode depicted by Figure 3-23.

Figure 3-25: Where to redefine the torque correction ratio in yellow shaded boxes.

3.2.5.

Harmonic Mode

Without redundant discussion on the methodology covered in detail by section 4.2.3 this
test mode requires torque control of the two servomotors. So the wiring configuration must
comply with Appendix Fig D-2. Heed should be given to the cautionary note of section 3.2.1
The control scheme for this test mode is open loop so a PID controller is not necessary.
This scheme does not have stability issues barring user induced excessive displacements. The
challenge this mode presents is the signal synchronization issue as discussed in 3.2.2.2. In
addition to the synchronization challenge the interactive GUI compounds the challenge.

3.2.6.

Strain Rate Mode

The control scheme for this test mode is identical to the relaxation mode. In fact, this test
is the relaxation mode test but it is executed at a much lower ramp displacement rate as
discussed in section 4.1.2. The user terminates the experiment immediately upon cessation of
extension of the specimen.
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4. Methods
There are numerous techniques to assess viscoelastic behavior in materials. The two
most common and the first two brought to practice, starting in the 1800s, are the creep and
stress relaxation tests.25

At that time, these tests were conducted on glass, metals, and

rubbers. From these experiments, Woldemar Voigt and James Clerk Maxwell developed their
models which were later incorporated by Dieter Weichert and Lord Kelvin (William Thomson)
to model the “standard linear solid.” Note that the above names were giants in the field of
electromagnetism, and in fact, these models they proposed had already been used to model
the behavior of electrical circuits.
These two techniques are considered to be static tests. However, as discussed in section
2.2, the Fourier transform is a method to correlate the results to infer dynamic behavior.
These techniques are usually experiments that require very long time spans. They are simple
to conduct but costly in terms of time and data storage. Another technique is to conduct
conventional tensile tests at different strain rates in a mechanical testing machine. The
duration of these tests is much shorter, but multiple tests are needed in order to get an
accurate response dependency on the strain rates. Moreover, careful specimen preparation
needs to be exercised in order to avoid stress concentrations which can skew the results.
Another technique which yields results in a much shorter time and also yields strain rate
dependency is commonly referred to as “DMA,” dynamic mechanical analysis. These tests
monitor the material’s steady-state response to a forced oscillation stimulus which could be
either a displacement or force. The frequency of the oscillation can be varied to yield the
strain rate dependence.

These tests can be conducted at stresses or strains that are

sufficiently low such that stress concentration issues can be reduced as compared to the tests
already mentioned. Moreover, if the material tested is truly linear with strain rate, then
these results can be used to predict the material response to any arbitrary load profile,
including static loading.
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The only concern is that the load frequency must remain below a certain threshold such
that the inertial density of the material does not contribute to the response. This stipulation,
also discussed in section 2.2, is primarily an artifact of the assumptions applied in the
construction of the models posed in Figure 2-1 and Figure 2-2. Neither of those models
account for mass. The consequence of this is that the system response behaves as if the
differential equation of motion is 1st-order. If the strain rates (frequencies) are sufficiently
high, then the inertial mass contributes to the response and the equation of motion becomes
higher order.
The device posed in this thesis is capable of testing specimens in any of the four testing
modes previously described.

There are other test methods that do operate at higher

frequencies such as modal vibration of a membrane, atomic force microscopy in dynamic
mode, pressure wave attenuation, and others. However, there are concerns regarding biologic
tissues in attempting to extrapolate viscoelastic behavior from high frequency tests to predict
behavior at physiologic conditions.26 For example, there is debate on the use of ultrasound
data to infer viscoelastic behavior of vascular tissue at 3 Hz, which would be the peak heart
rate under the most extreme circumstances.

So the device is designed to have stimulus

frequencies commensurate with physiologic conditions.

4.1. Stress Relaxation
As stated in section 2.1, both the Weichert and Kelvin general models can represent
relaxation and creep behavior of a linear viscoelastic solid. Without belaboring the details of
solving the governing differential equations of each model, the solutions under step input are
presented in (Eq: 2-7) and (Eq: 2-8). The behavior of the individual elements of each model
reveals the logic behind the preference of the Weichert model for stress relaxation.
In the case of stress relaxation, the input is a step function in strain. The instantaneous
application of strain in time results in the viscous damper element in both models exerting an
infinite stress to counter that discontinuous displacement.

The Voigt element seizes in

position at the time of application due to this infinite counter-stress. Conversely, the series
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configuration of the Maxwell element results in a finite instantaneous stress proportional to
the elasticity value, Ei.
As time increases from the time of application, the viscous damper reduces the counterstress since the time derivative of the step input becomes identically zero. For the parallel
configuration of the Voigt element, the counter-stress decays to a non-zero value of (Di)-1. For
the series configuration of the Maxwell element, the counter-stress does decay to zero. So this
instantaneous and steady-state behavior of the constituent elements of the two models
explains the preference of the Weichert model for stress relaxation.

4.1.1.

Stress Relaxation Specimen Preparation

Figure 4-1: Mounting of PTFE specimens to specimen bracket assembly.
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As stated in section 3.1.1, the specimen brackets are modular and anchored to the load
frame via four shoulder bolts. For the inaugural testing of the drivetrain, the fluoropolymer
material polytetrafluoroethylene (PTFE) was chosen to validate the test procedures.

As

stated in section 3.1.4, PTFE has mechanical properties that are similar to vascular tissue.
The mounting scheme of the PTFE specimens is simply to wrap the 0.0025” thick film about
the specimen brackets as depicted in Figure 4-1. This mounting scheme was favored over
the use of the MOLEX IDT connectors described in section 3.1.1 due to simplicity and to
minimize boundary effects on the response of the material.
The specimen brackets are set at a prescribed distance apart that is measured via
calipers. Both sides near each frame axis are measured to be sure the brackets are square.
The specimen is then wrapped a number of times about the brackets and tension is
maintained during that process using an Allen wrench as depicted in Figure 4-2. The most
optimal number of wraps seems to be five. Due to static friction in the load frame it is
desirable to have more specimen wraps so that the torque provided by the motors to displace
the specimen far exceeds the frictional torque. However, with greater specimen load, the
static friction also increases by 1.1mJ per every 9.81N of additional axial load as described in
section 5.1.
Once the specimen is wrapped and prior to clamping, the servomotors are rotated by hand
to remove slack in the specimen. Once the specimen is taut, the onset of tension is very
discernible by tactile sensation.

The distance between the specimen brackets is again

measured. If the brackets are square, the specimen is then clamped via binder clips as shown
in Figure 4-4. LabVIEW is now activated and a “Pretension” sub-VI is invoked. LabVIEW
instructs the user to pretension the specimen to a prescribed level that is pre-programmed
into the VI. The pretension value needs to exceed the threshold of the static friction in the
load frame. The static friction, as discussed in section 5.1, is dependent on the axial load
imposed by the specimen. Consequently, the specimen material does affect the friction. So it
may be necessary to reprogram the torque value in the “Pretension” sub-VI. The sub-VI could
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allow the user to input the pretension torque value, but currently it is not allowed due to the
probability that the user could input an incorrect value and damage the drivetrain. The
location where this value is preprogrammed is the yellow shaded box within Figure 4-3.

Tension is maintained
via an Allen wrench.

Figure 4-2: Mounting of PTFE specimens to specimen bracket assembly.
In the case of 5 layers of PTFE, with a width of 12 mm, that torque level is approximately
1 mJ or ½ mJ per axis. This torque value is based on the stiction level and the conversion
factor of 1.1mJ per 9.81N axial load as stipulated in section 5.1. For a pretension level of
50psi the corresponding axial load is slightly above 1N. Given the torque-current conversion
factor for the servomotors specified in Appendix B.1 of 34.8 mJ/A the corresponding current
amplitude is approximately 0.03A. As mentioned in section 3.2.1 the KEPCO servomotor
amplifiers have a voltage channel output that is proportional to the current output to the
servomotors at 2V/A. So 60mV is the value that is preprogrammed into the “Pretension” subVI.
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Figure 4-3: Preprogrammed torque value within the “Pretension” sub-VI.

Figure 4-4: Specimen clamping and fiducial marks.
Once the specimen is pre-tensioned, another sub-VI is invoked for the user to input
specimen parameters and PID controller gains.

At this time, the distance between the
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brackets is again measured. If there is a discrepancy between the two axes, it is easy to
adjust the distance by manual rotation of the servomotors. This is a very fine adjustment to
be sure the frame is square. Once the final length is measured, fiducial marks are placed on
the specimen as in Figure 4-4. These marks serve as indicators showing if the specimen
slips during the experiment.

If the specimen does not slip or tear during the initial

displacement of the relaxation test, the marks will remain in the same position but distort
due to strain elongation.
The clamping mechanism for the PTFE specimens is implemented using binder clips. It
should be noted that due to the low friction of PTFE, the specimens are capable of slipping
through the clips without the use of an abrasive material between the specimen and the clips.
50 grit Al2O3 sandpaper is used to counter this effect. Extra margin on clamping power is also
provided by incorporating a toothpick, which is visible in Figure 4-4.

4.1.2.

Stress Relaxation Procedure
Arrow button initiates LabVIEW execution
STOP button halts LabVIEW execution
Defines what parameters to
display

GO button initiates
relaxation tests

Defines data
display time span

Figure 4-5: GUI display of the stress relaxation test mode.
As described in the previous section, the specimen preparation and mounting includes
pretension of the specimen to remove any slack in the system. But to initiate LabVIEW
execution, the user must depress the RUN arrow that is indicated in Figure 4-5. Once
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execution initiates, the span of the data display needs to be set by the knob to the far right of
the GUI display.

Figure 4-5 indicates that the setting for that particular run is 200 data

points, so the time span is 200/(sub-sampling frequency). The two knobs at the top of the data
display allow the user to select what parameters are to be displayed.

A pop-up dialog

window, not shown, instructs the user on the data options. Figure 4-5 is displaying the
specimen stress level. Once the user defines the settings, then to initiate the relaxation
mode, the GO button is depressed. Once executed, LabVIEW steps the user through the
process. Figure 4-6 is the GUI display for the “Pretension” sub-VI. The user pretensions the
specimen through the PRETENSION switch boxed in red. The blue vertical fill bar is grey if
there is no tension in the specimen. As the tension increases, the fill bar rises in blue just as
a conventional thermometer does with temperature. Once the tension reaches the prescribed
level as defined in the previous section, the fill bar is all blue and the green indicator light is
activated. Immediately after activation of the green indicator light, a user dialog box appears
with instructions to the user that the next step is to measure the specimen, and the specimen
parameters along with PID control settings of Table 3-2 need to be entered. The user is
prompted to hit the OK button; in doing so the “PID Utility” sub-VI is activated, and Figure
4-7 is the GUI display that pops up for the user.
All of the user inputs are within the yellow shaded console panel.

The values displayed

in Figure 4-7 are the settings specific to the relaxation tests on the PTFE specimens, for
which the results are presented in section 5.3. It is important to note that the DAQ timing is
determined by the parameters that are boxed in red. The gain requirements for this test
mode do not allow for much margin on adjusting the settings displayed in Figure 4-7.
Different settings are likely to drive the system into instability.
Within the blue shaded console are control parameters that are passed from this sub-VI to
the main control loop of the top level VI to control the servomotors. It should be noted that
the DAQ sampling frequency for these tests is 125 kHz. That is the maximum sampling rate
for the USB 6229 DAQ board to drive two output channels. As discussed in section 3.2.2.1, at
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this sampling rate the iteration rate of the main control loop does not exceed 200 Hz. The
sub-sampling rate defined within the user inputs of the yellow console is set at 200 which
means that every 200th sample point is being recorded to the data file. So the time resolution
of the experiments is no less than 1 second. Since the time resolution cannot be shorter due
to the demands on memory and CPU, it is necessary to define a ramp rate for the initial
specimen displacement. Since the P-gain of 40 is so high, there is a possibility of overshoot.
Overshoot implies that the specimen is overstretched, which results in very little residual
stress in the specimen when the servomotors reach equilibrium position. To be able to resolve
any overshoot, the time resolution of the experiment has to be shorter than the rise time of
the displacement. Hence, the target strain is defined as 10% elongation and is to occur at a
rate of 5%/sec. The ramp time for these experiments is 2 sec.
In principle, the initial specimen displacement should be instantaneous, but given the
limitations of the control system, this is not possible. Furthermore, as noted in section 3.1.4,
an instantaneous displacement mandates an infinitely rigid load frame, and the servomotors
need to have infinite power capacity. So reality dictates a ramp. The more gradual the ramp,
the less likely overshoot will occur. Moreover, the more gradual the ramp, the less likely
inertial accelerations within the material will contribute to the response, as discussed early in
Chapter 4. In essence, having to define a ramped displacement pigeonholes the relaxation
test mode response to be 1st-order as described by (Eq: 2-7). This is why these experiments
are considered to be static.
After the required parameters have been input, the user depresses the OK button and the
“PID Utility” sub-VI relinquishes to the top-level VI with the control loop, and the GUI
display of Figure 4-5 returns. The drivetrain induces the initial specimen displacement, but
the servomotors are not capable of obtaining the targeted position. Inspection of Figure 3-17
indicates that as the servomotors approach the set point the error signal approaches zero.
The consequence of this is that the command output of the PID controller tends to zero.
Therefore, arrest of the servomotors occurs prematurely. The arrested position is the result of
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equilibrium between the servomotor, specimen stiffness, and static frictional torque. As the
specimen relaxes, the residual torque in the servomotors induces an intermittent
displacement as they strive to meet the targeted position. This movement compromises the
essence of a relaxation test. To minimize this intermittent motion, the PID set point is reset
once the servomotors are arrested immediately after that initial displacement in the 2-second
timeframe. It is deemed that this is beneficial but not absolutely necessary. More on this is
presented in the results of section 5.3.

Figure 4-6: GUI display of the “Pretension” sub-VI.

0.00000
3

Figure 4-7: GUI display of the “PID Utility” sub-VI.
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A further note on this aspect of PID control is that it is not used in the “Pretension” subVI. The rotations in specimen pretension are sufficiently small that the PID controller would
not prevent specimen recoil. In fact, the current open-loop servomotor actuation scheme of
the “Pretension” sub-VI does not prevent specimen recoil either. This is an artifact of wiring
configuration of the amplifiers as described for the relaxation test mode in Appendix Fig
D-1. Fortunately, the recoil is sufficiently small that the results presented in section 5.3 are
not compromised.
As the drivetrain remains stationary, the residual torque in the servomotors is monitored
over a time span of one hour or greater. The user terminates the experiment per his/her
discretion dependent on the specimen behavior. The results for PTFE in section 5.3 suggest
that 1 hour is sufficient and 2 hours provides an additional margin.

4.1.3.

Procedural
Contingency

Modification

for

Non-Linear

Previously stated in section 2.3 in linear theory, the individual elements in both the
Weichert and Kelvin models remain constant over the entire range of displacement or load as
well as over any rate of change in the displacement or load. The Weichert model as discussed
in section 4.1 is the preferred model to represent relaxation behavior. Examination of (Eq:
2-7) indicates that the relaxation time constants of the individual Maxwell elements are
proportional to the ratio

ηi
Ei

. If the individual springs and viscous dampers possess non-

linear characteristics, then the decay rates will be affected. Given the control scheme as
described in section 3.2.3 the logical manner to probe non-linear response is to alter the
amount of prescribed displacement as well as the ramp rate for this displacement.
Noting the constitutive relations of (Eq: 2-1) and (Eq: 2-2), the spring elements would be
affected by the displacement amplitude, whereas the viscous damper would be affected by the
ramp rate.
Assessing non-linear responses is outside the scope of this thesis, but the proposed
modification of the test procedure gives this device the capacity to execute such an endeavor.
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4.2. Creep Compliance
In the case of creep compliance, the input is a step function in stress. The instantaneous
application of stress results in the viscous damper element in both the Weichert and Kelvin
general models of section 2.1, exerting an equivalent counter-stress.

This yields an

instantaneous strain rate that is proportional to that stress and a zero strain at the time of
application. The configuration of the viscous damper in parallel with the spring of the Voigt
element yields a zero displacement at the time of load application. Conversely, the series
configuration of the Maxwell element results in a finite instantaneous strain that is inversely
proportional to the elasticity value, Ei.
As time increases from the time of application, the strain rate will reach a steady-state
value that may or may not be zero. The parallel configuration of the spring, E∞, in the
Weichert model forces the steady-state strain rate to be zero and the final strain to be finite.
The generalized Kelvin model of Figure 2-2 allows the steady-state strain rate to be either
zero or non-zero. Hence, the Kelvin model is preferred for creep compliance.

4.2.1.

Creep Compliance Specimen Preparation

As described in section 4.1.1, the specimen is wrapped about the specimen brackets. The
clamping mechanism of the specimen is identical to that described in section 4.1.1, but the
pretension is modified to exploit the feature of controlling torque.

Note that the wiring

configuration of the amplifiers must comply with configuration specified by Appendix Fig
D-2. Heed should be given to the cautionary note of section 3.2.1.
Prior to activating LabVIEW, the clamp mechanism on the specimen extension bracket
boxed in red in Figure 4-4 is not in place, whereas it is on the fixed specimen bracket. After
slack in the specimen is removed manually and the brackets are squared, LabVIEW is
activated and the “Pretension” sub-VI is invoked.

As in the relaxation mode, LabVIEW

instructs the user to pretension the specimen to a prescribed level that is pre-programmed
into the VI.
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Figure 4-8: GUI display of the “PID Utility” sub-VI to pretension in the creep compliance mode.
Once the specimen is taut, with only one clamp in place, another sub-VI is invoked for the
user to input specimen parameters and PID controller gains. The user is prompted to hit the
OK button, and in doing so the “PID Utility” sub-VI is activated; Figure 4-8 is the GUI
display that pops up for the user. All of the user inputs are within the yellow shaded console
panel.

The values displayed in Figure 4-8 are the settings for the creep compliance mode,

and boxed in red is the target specimen stress. Since the current output of the amplifiers is
being controlled, the pretension stress can be sustained after the user depresses the OK
button. In doing so the “PID Utility” sub-VI relinquishes to the top-level VI with the control
loop.

The drivetrain applies a torque that is commensurate with the target stress level

specified by the user. The stress level specified in Figure 4-8 is well below the stress level to
induce creep but high enough to overcome static friction in the system.
Once the pretest stress level has been imposed, the distance between the brackets is again
measured. If there is a discrepancy between the two axes, it is easy to adjust the distance by
manual rotation of the servomotors even while the servomotors are attempting to maintain a
constant torque load. This is a very fine adjustment to be sure the frame is square. Once the
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brackets are square, the second clamp mechanism is placed, and the brackets are rechecked
to verify if they are square and adjusted if necessary. The top-level VI is terminated by
depressing the STOP button on the GUI display.

The specimen will recoil, but when

LabVIEW is reactivated the specimen extension bracket will return to position. The user
goes through the same process to pretension the specimen, now with both clamps in place. All
the user inputs in Figure 4-8 will be identical except the final length and the target stress.
The final length is measured, and fiducial marks are placed on the specimen as in Figure 4-4.
These marks serve as indicators of whether the specimen slips during the experiment. If the
specimen does not slip or tear during the test, the marks will remain in the same position but
distort due to strain elongation. The target stress is what is deemed capable of inducing
creep. The threshold for PTFE is considered to be 3 – 4 MPa.
There is one flaw in the “Pretension” sub-VI that should be corrected over the long term
but has not adversely affected any of the results presented in section 5.4.

Once the

pretension stress obtains its prescribed level, a signal is transmitted to the servomotors to
have them oscillate about this pretension value as the user inputs the required parameters as
prescribed in Figure 4-8. Currently, as the sub-VI is programmed, the signal oscillates about
a zero torque instead of the pretension value. This is straightforward to rectify by defining a
DC offset value into the signal generator, but it has not yet been corrected.

4.2.2.

Creep Compliance Procedure

As described in the previous section, the specimen preparation and mounting includes
pretension of the specimen to remove any slack in the system. LabVIEW steps the user
through the process as it does for the relaxation mode discussed in section 4.1.2, but the
procedure is modified as specified in section 4.2.1. The GUI display for the creep mode is
depicted in Figure 4-9.

The only setting the user needs to define is the span of the data

display. The data display only monitors the specimen strain, so there are no options to have
to select from as there was in the case of the relaxation mode testing.
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The values displayed in Figure 4-8 are the settings specific to the creep tests on the
PTFE specimens for which the results are presented in section 5.4. However, a number of
tests were conducted at various target stress levels. Given the PID gain settings in Figure
4-8, the system is not likely to become unstable even if the timing parameters are changed.
Unlike the relaxation mode, there is no ramp rate associated with the load application on
the specimen. This is confirmed by altering the sub-sampling rate specified in Figure 4-8.
The rate specified in Figure 4-8 is to keep the size of the data file to a reasonable level. It is
confirmed given the DAQ sampling rate of 12.5 kHz that the torque level reaches the
specified level within the 80 μsec commensurate with 12.5 kHz as long as the servomotor axes
are rigidly constrained.
Arrow button initiates LabVIEW execution
STOP button halts LabVIEW execution

Defines data
display time span

Figure 4-9: GUI display of the creep compliance mode.
After the required parameters have been input, the user depresses the OK button and the
“PID Utility” sub-VI relinquishes to the top-level VI with the control loop. The drivetrain
applies the prescribed stress instantaneously and the specimen displaces accordingly.
However, due to specimen spatial variations and frictional differences between the two load
frame axes, the initial displacement may differ between the two axes. Due to the kinematics
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described in section 3.1.2 a difference in rotation between the 2 axes induces lateral binding
of the free-side axis. This binding can lead to a cascading event that compounds frictional
discrepancy between the axes such that the entire drivetrain will either lockup, or the freeside axis could disengage itself from the servomotor, causing the fixed axis to spin without
constraint. The control scheme described in section 3.2.3 does not eliminate this possibility
but does minimize it. Moreover, an additional precaution is implemented in the control loop
to prevent damage to the drivetrain if this cascade event occurs. The green shaded box of
Figure 3-25 is a logic structure that shuts down output control signals to the servomotors if
the extension of either axis exceeds 50% of the specimen length. This can be adjusted if the
specimen length is sufficient such that 50% elongation can exceed the travel limits of the
drivetrain.
As the drivetrain extends the specimen, the encoder signals are monitored in time. The
experiment ceases autonomously once either axis extension exceeds 50% of the specimen
length.

4.2.3.

Procedural
Contingency

Modification

for

Non-Linear

Previously stated in section 2.3 in linear theory, the individual elements in both the
Weichert and Kelvin models remain constant over the entire range of displacement or load as
well as over any rate of change in the displacement or load. The Kelvin model, as discussed
in section 4.2 is the preferred model to represent creep behavior. Examination of (Eq: 2-8)
indicates that the relaxation time constants of the individual Voigt elements are proportional
to Diη i .

As in the case for the relaxation mode, non-linear behavior will affect the

exponential function time constant. The consequence is that the rise time of the creep curves
will be affected. Given the control scheme as described in section 3.2.4 the only manner to
probe non-linear response is to alter the stress magnitude.
Applying a ramp rate to the torque of the servomotors is plausible, but the current
LabVIEW VI would need to be modified. Assessing non-linear responses is outside the scope
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of this thesis, but the creep tests on the PTFE specimens were conducted at different stress
magnitudes; the results are presented in section 5.4.

4.3. Harmonic Forced Oscillations
The most common and accurate method to assess both the real and imaginary components
of (Eq: 2-9) and (Eq: 2-10) is by applying forced oscillations to the material and monitoring
the forces and deflections along with the phase difference between the two. The frequency of
the oscillations is varied so that the complex behavior is known over a frequency band. As
mentioned in section 2.2 if the material is truly linear, then the same results can be
generated from the static relaxation and creep tests. Conversely, the static behavior of the
linear viscoelastic material can be inferred from the DMA tests by presuming the frequency is
zero. So if this is indeed the case, then it is likely more cost effective to perform the DMA
tests and forego the time and expense of the static tests.
If the material is nonlinear with strain rate, then the results will not concur, and that
nonlinearity can be quantified via the DMA results moreso than by the static results.

4.3.1.

Harmonic Mode Specimen Preparation

As described in section 3.2.5, the harmonic mode has an identical wiring configuration of
the servomotor amplifiers as the creep mode specified by Appendix Fig D-2.

Hence,

specimen preparation and pretension are identical to those described in section 4.2.1. Heed
should be given to the cautionary note of section 3.2.1.
Note that as mentioned in section 3.2.5 there is no need for the PID controller. The “PID
Utility” sub-VI still pops up but only requests inputs for the specimen parameters.

4.3.2.

Harmonic Mode Procedure

As described in the previous section, the specimen preparation and mounting includes
pretension of the specimen to remove any slack in the system. LabVIEW steps the user
through the process as it does for the relaxation mode discussed in section 4.1.2 but the
procedure is modified as specified in section 4.2.1. The GUI display for the harmonic mode is
depicted in Figure 4-10. The user interface for this test mode is more interactive than the

other three test modes.
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The consequence is that the GUI display has more complexity.

Nonetheless, the theme of the user interface follows the architecture of a typical oscilloscope.
So if the user is familiar with oscilloscope operation, then this user interface will seem
intuitive.
Arrow button initiates LabVIEW execution
STOP button halts LabVIEW execution

∗

∗

∗

∗

∗

∗

∗

∗
∗

∗
Defines
data
display time span

∗

∗

Figure 4-10: GUI display of the harmonic mode.
The GUI controls fall into five categories: 1) Execution control (Start and Stop);
2) ∗ Data format and storage;
3) ∗ DAQ parameters;
4) ∗ Signal characteristics;
5) ∗ Display control.
The GUI controls are highlighted by category in Figure 4-10 with colored asterisks as
denoted above except for the execution control which is denoted by arrows. Items on the GUI
that are not denoted are simply displays for the user to monitor. Before discussing test
procedures, operation of the GUI controls will be covered by each category aside from
execution control which is the same as in the other three modes.
Data format and storage denoted by the green asterisks requires input as to the filename
for archiving the digital data. There are 6 options as to what form the data is saved which is
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labeled in the lower left corner of the GUI display. The most common selection is decimal
form.

Moreover, the precision or the number of significant digits is requested by the

“Precision” control box. The number can be typed in directly or the increment button can be
utilized.
DAQ parameters, denoted by the red asterisks, require input as to buffer size and the
number of periodic cycles of the waveform signal to store.

As dictated by Figure 3-21, the

DAQ sampling rate is the ratio of the product between waveform frequency and buffer size to
the number of waveform periods the user defines to be stored in the buffer.

This

customization of the DAQ timing as discussed in section 3.2.2.2 minimizes the demand on the
computer DRAM. Nonetheless, the user should attempt to keep the DAQ sampling rate below
10kHz.
Signal characteristic controls denoted by the purple asterisks require input as to
waveform type, amplitude, frequency, and DC offset. LabVIEW is capable of forming custom
waveform types, but for this application the options are confined to sinusoid, square, triangle,
and sawtooth. This control is located at the top left corner of the GUI display.
At the top middle of the display are two knobs: one for the amplitude and the other for the
DC offset.

The unit associated with those knobs is voltage.

However, as specified in

Appendix Fig D-3, the voltage to current conversion factor is 2V/A, and the torque to
current conversion factor is 34.8 mJ/A as specified in Appendix B.1. This correlates to 17.4
mJ/V. Note that the voltage scale depicted in Figure 4-10 is to 10V. The servomotors are
rated at 44 mJ so the amplifiers will not drive the motors any harder past 2.5V. The scale
peak has been set to 2.5V in LabVIEW despite what is shown in Figure 4-10. However, the
user must exercise caution if applying a DC offset. Currently the LabVIEW code does not
correct the peak voltage due to an applied offset. The consequence is that the amplifiers can
overheat the motors. To avoid this, the oscillation amplitude can be reduced exactly by the
amount of the DC offset.
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The signal frequency has two control inputs. At the top of the display is a sliding scale
knob with a scale of 0 to 10. Just below the slide scale and on the left side is a round knob
with a scale of 0 to 3. The round knob controls the frequency by powers of 10. The slide scale
controls the scale factor. For the setting of 3 on the round knob that corresponds to 103, or
1000, and the slide scale set on 3 yields 3×1000, or 3000Hz.
The display controls are denoted by the black asterisks. The time scale for the display is
controlled by a round knob on the far left of the display along with three toggle switches
immediately below this knob. In Figure 4-10 the settings of the time scale is 0.2 seconds.
Note that all three of the toggle switches are in the down position and the three LEDs below
are OFF. If the middle toggle switch was in the up position then the LED below it would be
illuminated and the corresponding time scale for the display would be 0.2×0.01 which is 2
msec. So the timescale for the display can range from 100μsec to 1 sec depending on the user
selections. The LabVIEW code will not allow the user to have multiple toggle switches in the
ON position.

If the user attempts this, an alert message pops up with appropriate

instructions to correct the situation.
The magnitude scale is controlled by the round knob immediately to the right of the
timescale knob. Note that the units are in terms of V/div, but on the waveform display there
are three vertical scales. There is also strain on the left along with volts, and on the right is
stress.

This one knob controls them all. The LabVIEW code has the conversion factors

relative to voltage and automatically adjusts all three scales simultaneously.
To the far right lower corner of the display is the selection control for which signals to
display. There are four: 1) outgoing voltage from the DAQ board to the servomotor amplifiers;
2) incoming voltage from amplifiers that is proportional to the
current;
3) specimen stress based on the specimen parameters set by the user;
4) strain in percent.
The harmonic mode tests apply a torque to the servomotors, and via the load frame this is
translated into an extensional load on the specimen. The load is harmonic in nature, and as
the frequency changes so does the load rate.

The specimens are tested to near static
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conditions, 0.1 Hz up to 10Hz. The magnitude of the stress applied is targeted to be 4MPa
with an oscillating stress of ±½ MPa. This stress level is around the lowest stress values that
are applied in the creep mode tests. The GUI settings appropriate for these tests are specified
in Table 4-1. The frequency is simply changed by the user via the slide bar.
The relationship between the voltage levels and the specimen stress levels is provided in
Appendix E. The voltage levels listed in Table 4-1 are pertinent to the PTFE specimens
configured in the manner prescribed earlier in sections 4.3.1 and 4.2.1.
The harmonic mode tests provide an order of magnitude more data than the static test
modes and accomplish it in minutes instead of hours. Moreover, if the material is truly linear
then the static behavior can be inferred from these tests. If non-linear characteristics exist
the test procedure for the harmonic mode remains the same, unlike the static tests. The
frequency change affects the strain rate, and the magnitude of the stimulus is simply altered
by the amplitude knob of Figure 4-10. This test mode leaves little ambiguity in material
behavior, whereas the static tests do.
Waveform type
DC Offset (mV)
Amplitude (mV)
frequency scale knob
Buffer Size
# cycles per buffer
Time scale toggle switches
Time scale knob
Filename
Data format
Precision
Signals Displayed

Sine
210
26
0
100≤ n ≤ 1000
1≤ n ≤ 10
OFF
Adjust according with freq
User preference
User preference
User preference
User preference

Table 4-1: Control settings for harmonic test mode.

4.4. Strain Rate Mode
As mentioned in section 3.2.6, the strain rate mode is identical to the relaxation mode
tests other than the strain rate is reduced. Hence, the specimen preparation will be identical
to section 4.1.1 and the procedure will be a modification of the relaxation procedure of section
4.1.2. Heed should be given to the cautionary note of section 3.2.1.
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As stated in section 3.1.4 regarding the servomotor specifications, the maximum
rotational rate for the relaxation mode tests is 624 RPM. This rotational rate is on the low
end of the spectrum for the servomotors for such low torque loads. Moreover, the control
scheme of this mode coincides with the relaxation mode which is position control.

The

manner in which speed can be limited is to define a ramp of position with time. The gains
defined for the PID controller in Table 3-2 for the relaxation mode maximizes the stiffness of
the servomotors. These gains are not ideal for speed control because the servomotors will
exhibit a jittery response. So tests have been deferred until optimal PID tuning parameters
can be defined.
A brief effort was exerted to attempt to control servomotor speed via pulse width
modulation, but the hardware designated within this thesis is not sufficient for this
capability.
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5. Results
As mentioned in Chapter 1 the initial impetus for the development of this device was to
evaluate the potential for human umbilical tissue to serve as a vascular graft material. Since
the fluorocarbon polytetrafluoroethylene (PTFE) has been used for vascular grafts this
material is a logical choice to validate the effectiveness of the device before attempting to
work with actual biologic specimens.13, 14
Furthermore, the practice of applying the Fourier transform to analyze transient data
while not unique, it is not common in viscoelasticity. What can be found in the literature is
that the material parameters evaluated from these pseudo-static tests in the time domain
have been used to infer the dynamic response of the material via the Fourier transform of the
time series equation model of these materials expressed by (Eq: 2-9) and (Eq: 2-10).
Transient data on two other polymers are analyzed as well via the Fourier transform to
investigate the feasibility of the technique. These materials were not tested in the device;
instead the data were obtained from published literature.27, 28 This effort resolved the issues
associated with the application of the “discrete” Fourier transform on data that is considered
non-periodic and has virtually no frequency component contained within the poles of the
material response. These issues are discussed in detail within section 2.2.
Also presented are results from conventional “INSTRON” tests that validated the
effectiveness of the MOLEX IDT connectors in anchoring vascular specimens as an
alternative to suturing the specimens. These tests also provided insight on expectations of
material strength and stiffness that assisted in establishing the device specifications. These
specifications include requirements on the frictional torque within the device. Results of
friction tests are included to show the limitations of the device.
Also presented with less emphasis is a discussion on results of the PTFE specimens as to
whether the material responds linearly or not. Much of the discussion hinges on obtaining
sufficient data from harmonic mode tests.
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5.1. Friction Characterization
It was recognized early in the design process of the load frame that the compliance of
biologic specimens is quite large; this raises concern that friction in any mechanical load
frame could overshadow the mechanical resistance of the specimen to strain in a
measurement. This motivated the use of ball screws as described in section 3.1. The friction
contribution can also be countered by increasing specimen thickness, hence the wrapping of
the PTFE specimens about the specimen brackets as described in section 4.1.1. Moreover, as
the specimen is extended, the tension compounds the friction in the system. If the load frame
is sufficiently rigid, this tension will not compromise alignment, and the increase in friction
should be linear with tension. If misalignment occurs, then binding is encountered and the
relationship will be nonlinear.
The load frame friction was tested using a low friction pulley system with weights
suspended in the vertical orientation by a nylon filament attached to the specimen bracket
assembly.

No sophisticated alignment tools were utilized, but manual distance

measurements via calipers assessed that the force vector through the filament acted
relatively perpendicular to the bracket assembly and on the same horizontal plane. Electrical
current to the servomotors was incrementally increased until the onset of motion was
detected. This is considered the threshold of static friction.
The maximum load capacity required for the device is considered to be 40N, which
corresponds to a suspended mass slightly over 4kg. The tests were only conducted to 1kg
because misalignment of the pulley system with the load frame became significant for higher
loads. This was not due to the load frame, but the fixation of the pulley system. The static
friction results are depicted in Figure 5-1 and the linear behavior is shown. The linear slope
indicates that for every 1kg or 9.81N axial load, a corresponding frictional torque of 1.1 mJ is
required to overcome static friction. This work exerted to move the suspended mass of 1kg is
actually less than the 1.6 mJ theoretically expected by (Eq: 5-1). This surprising result
might be an artifact of the measurement technique or possibly the applied load to the ball
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screw relieves some of the preload that is designed within the ball screw itself. Regardless of
the cause of the result it is reasonable to suggest that tension in the specimen will not
compound the friction in the load frame beyond the expected linear relation of 1.6 mJ per
9.81N in axial load.

Figure 5-1: Static frictional torque of the load frame.

mg cos θφ pitch
2π

=

1kg ( 9.81ms −2 ) cos ( 30 ) ( 0.001m )
2π

(Eq: 5-1)

≈ 1.6mJ

In regards to the rolling friction it was evaluated by tests conducted in similar fashion to
the static friction tests but with the torque increased beyond the static friction threshold. The
drive frame axes are held stationary as the current level is set and then the axes are allowed
to spin freely. The torque values are recorded once the rotation acceleration transients have
dissipated and the rotation rate has reached steady-state.
The results of these tests are considered inconsequential for both the relaxation and creep
mode tests since motion in these tests is primarily stationary. The harmonic mode tests are
affected by rolling friction. Nonetheless, absolute quantification is unnecessary since the
contribution is easily subtracted from the results. The rolling friction manifests itself in the
phase shift.

Each time a harmonic mode test is conducted the phase contribution from

friction can be assessed by conducting a test without the specimen mounted to the specimen
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brackets. This is also a good diagnostic tool as to the wear condition of the load frame and if
any parts may need replacement.

5.2. Viscoelastic
Response
Polyamide/Graphite
Composite
Superpave

of
and

As mentioned earlier in this chapter creep and relaxation data on two other polymers
were obtained and analyzed to validate the analysis technique as described in section 2.2 to
assess the real poles of the material. The two data sets chosen are deemed to represent
opposing ends of the spectrum in terms of both relaxation and creep responses. The two
limiting cases are if the material is highly viscous or nearly elastic. Therefore, it is expected
that the response of biologic specimens will likely reside within this spectral range. Provided
this basis then the analysis technique should be sufficient in establishing the material
parameters of most biologic specimens of interest capable of sustaining tensile loads.

It

should be noted that not all biologic tissues can support tensile loads. The two materials
chosen are polyamide/graphite composite and superpave.

Superpave is an asphalt type

polymer composite.
Figure 5-2 and Figure 5-3 represent the relaxation and creep behavior of the two
polymers respectively.

These two figures are both normalized with respect to time and

magnitude so that the data for both materials could be displayed on the same plot scaling.
The timescale in both figures is normalized with respect to the duration time of the
experiment. The magnitude in Figure 5-2 is normalized with respect to E(t=0), whereas for
Figure 5-3 the magnitude is normalized by D(t=tfinal). Other normalization strategies could
be applied but this was deemed the most effective to display both data sets within the same
plot scale and distinguish the difference between the behavior of the two materials.
In the case of superpave, note in Figure 5-3 how the specimen continues to elongate even
in steady state. Conversely, the polyamide/graphite composite not only reaches a definitive
finite elongation but it happens rather quickly as compared to the asphalt. So this composite,
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even though it is viscoelastic, is far more elastic in behavior than the asphalt. Another note is
that the duration of the data set for the composite is ten times longer than that of the asphalt,
and the magnitude of both the creep and relaxation of the asphalt is an order of magnitude
greater. This is not apparent due to the normalization of these figures.

Normalized Relaxation Curves
polyamide/graphite

E
Einitial

Discrete data
superpave

Reconstructed relaxation

t
t final
Figure 5-2: Relaxation empirical data versus computed relaxation (normalized).8,927, 28

Normalized Creep Curves
polyamide/graphite

superpave
D
D final
Discrete data
Reconstructed creep
t
t final
Figure 5-3: Creep empirical data versus computed creep (normalized).1027, 28
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Other factors in choosing these materials for proof testing are the duration of the time
scale of their data sets as well as the fact that their viscoelastic responses only possess realvalued poles. It is expected that the duration of these tests is much longer than what is
expected for biologic specimens.

These two aspects present the greatest demand on

computational effort of the software to perform the discrete Fourier transform. Previously
mentioned in section 2.2, it is not a trivial task to generate the Fourier transform of a nonperiodic signal via the discrete Fourier transform. It is presumed that if the correct behavior
can be accurately computed for these extreme cases then the software is more than capable
for data sets on biologic specimens.
Both Figure 5-2 and Figure 5-3 also depict the reconstructed signals from the Fourier
transforms of the empirical data sets.

Inspection shows that accurate reconstruction of the

more elastic material, polyamide/graphite, was obtained for both creep and relaxation tests.
For the more viscous asphalt the creep results were reconstructed very well, but some
discrepancy in the empirical data with the reconstruction is evident in the relaxation tests.
However, it should be noted that the number of samples for the creep data set for this
material was a factor of 3 greater; therefore, the time resolution for the creep data set was
much better and is the most probable contribution for the discrepancy. The explanation for
this resides in the fact that an interpolation algorithm is applied to the discrete data set to
enhance time resolution.

Enhancing time resolution increases the bandwidth in the

frequency domain. As described in section 2.2, the real poles of the material are assessed
from the frequency spectrum. So, poor time resolution propagates through the procedure of
pole assessment.
Figure 5-4 is the normalized magnitude spectrum for both the creep and relaxation tests,
note the deviation on the spectrum for the superpave. As discussed for both Figure 2-3 and
Figure 2-4, it is possible to exploit this deviation to locate the poles of the system; indeed,
this was correctly computed for this material, which yielded two decay time constants of 5 and
100 seconds.
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Relaxation

E
Einitial

superpave
Creep

D
D final

polyamide/graphite

ω
Figure 5-4: Normalized magnitude spectrum of both creep and relaxation tests.

5.3. Stress Relaxation of PTFE
Previously mentioned in this chapter the fluorocarbon polytetrafluoroethylene (PTFE) is a
logical choice to validate the effectiveness of the device before attempting to work with actual
biologic specimens. Figure 5-5 depicts relaxation data sets for PTFE obtained from the
device and data obtained from the manufacturer DuPont. A couple of observations of note are
that the DuPont data is much less noisy than the data obtained from the device. Moreover,
the magnitude of the stress for the DuPont data seems significantly higher.
A number of factors account for these observations. The foremost is that the DuPont data
are obtained from bulk specimens of PTFE. The material tested in the device is 0.002 inch
PTFE film. Since the stress is computed with assumed dimensions of the specimen then
slight variation in the film thickness easily accounts for such a discrepancy in magnitude.
Since evaluation of the relaxation parameters do not require an exact knowledge of the stress
magnitude then the relative change in magnitude in the decay is more relevant. Figure 5-6
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is a scaled version of Figure 5-5 that has the vertical axis normalized with respect the final
stress value at the termination of the experiment. Aside from the noise the data from DuPont
and the device are commensurate.

Figure 5-5: Stress relaxation data comparison with industry standard from DuPont. 15

Figure 5-6: Stress relaxation magnitude normalized with respect to final stress.
With regards to the noise, the discussion in section 4.1.2 raised the issue that the PID
controller signal diminishes in magnitude as the servomotors approach the specified rotation
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set point. The consequence of this is that as the specimen relaxes the residual torque in the
servomotors induces an intermittent displacement as they strive to meet the targeted
rotation. This intermittent displacement is the primary source of the noise in the data sets
generated by the device. Moreover, since DuPont was testing bulk material they had the
luxury of employing well-tuned conventional test apparatus that meet industry standards.

=librium pt RESET

Figure 5-7: Noise suppression in relaxation data.
An effort to minimize this intermittent motion by resetting the PID equilibrium set point
once the servomotors are arrested after the initial displacement proved to be of some benefit.
Nonetheless, Figure 5-7, the transform of the data into the frequency domain shows a
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reduction in the noise but the complex pole at 0.3Hz still exists. While this can also be
deduced from the time domain data set this is another demonstration of the utility of the
Fourier transform. It can identify potential issues with the test equipment.

DuPont data

Figure 5-8: Fourier transform of relaxation data.

Analytical model
DuPont data
UNL data

Time (sec)
Figure 5-9: Analytical model correlation to empirical data sets.
Figure 5-8 overlays the transform of the DuPont data with data obtained from the
device. Aside from the prominence of the complex pole at 0.3Hz in the device data the overall
trend as in the time domain indicates the data sets are commensurate with one another. The
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analysis technique as described in section 2.2 to assess the real poles of the material yielded
three decay time constants of 0.01, 300 and 2000 seconds. A validity check of these poles is
done by plotting the analytical model against the empirical data set in Figure 5-9. The
vertical scale is normalized in an identical manner to that employed by Figure 5-6. What is
interesting is that a better correlation can be attained by a higher-order model, but the 3rdorder system is an adequate approximation of the material response for data sets that were
obtained independently from one another. Moreover, the noise associated with the device
data did not hinder the modeling.

5.4. Creep Compliance of PTFE

DuPont @ 1500psi
DuPont @ 1000psi
DuPont @ 500psi

1040psi
900psi

600psi

Figure 5-10: Creep response from manufacturer’s published results versus UNL data on PTFE 0.002”
film.15
It is well established that the creep response of a material is a function of the stress level
within the specimen. Figure 5-10 depicts creep data sets for PTFE obtained from the device
as well as data published by the manufacturer at various stress magnitudes. Unlike the
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relaxation data the creep data do not concur with DuPont’s published curves. It was not
known if this discrepancy is attributable to either uncertainty in the specimen stress level in
the film specimens due to thickness variations or if the PTFE film is subjected to plane strain.
Bulk specimens distribute strain energy along three orthogonal axes. The film specimens are
not afforded this luxury and the potential consequence might be that the rate of strain
increase might be greater. Due to the discrepancy in the data the PTFE film was also tested
on a BOSE ElectroForce 3200 series mechanical test machine. Data from these tests are
depicted in Figure 5-11.
Since the specimen tested in the BOSE device was allowed to deform well past the 20%
extension ratio Figure 5-11 presents three strain curves for this data set. The manner in
which that strain is computed is contained in formulations depicted in the figure Figure
5-11.

Figure 5-11: Creep response on PTFE 0.002” film obtained from the device versus data from the BOSE
ElectroForce 3200 series mechanical test machine.29
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The timescales between the data sets within Figure 5-11 match better than those of
Figure 5-10. It is fair to note that noise in the BOSE data is virtually nonexistent, whereas
the data from the device being validated appears more erratic. The source of the noise as
discussed previously in both sections 3.1.3 and 4.2.2 is that the rotations of the 2 axes of the
drivetrain must maintain phase relative to each other to avoid excessive binding. To assure
this the control scheme makes variable adjustments in torque level between the two axes.
This variation is depicted in Figure 5-12 The level of variation can be adjusted within the
LabVIEW code as described by Figure 3-24. The variations in Figure 5-12 may appear
large but they are symmetric and are effective in avoiding binding. The drawback is the noise
in the data and this is where the utility of the Fourier transform can be of assistance once
again.

5MPa or 0.725 ksi

Figure 5-12: Torque variations between the 2 drivetrain axes.
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(Eq: 5-2)

Discussion of transforming the creep data must be predicated by the manner in which the
creep signal is processed within LabVIEW. As prescribed by (Eq: 2-8) the creep response of

the Kelvin general model contains three terms. The

first,,
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D0, is the initial offset of the

specimen at the instant in time load application occurs. LabVIEW subtracts this value from
the signal. The second term is linear with time. LabVIEW differentiates the signal and is
left with a constant value of 1/η∞. This is subtracted as well. What remains of the differentiated signal
is (Eq: 5-2). This is similar to the relaxation differentiated signal. It is a series of decaying exponentials
and the Fourier transform of this allows for the evaluation of the poles as done for the relaxation signal in
sections 5.2 and 5.3.

BOSE data

Figure 5-13: Fourier transform of creep data.
Figure 5-13 overlays the transform of the BOSE data with data obtained from the device.
Aside from the prominence of the noise the overall trend as in the time domain indicates the
data sets are commensurate with one another. The analysis technique as described in section
2.2 to assess the real poles of the material yielded three decay time constants of 50, 300 and
2000 seconds. A validity check of these poles is done by plotting the analytical creep model
responses against the empirical data sets in Figure 5-14.
The two solid curves represent the model responses. Both curves have the same 3 decay
or rise constants but are offset on the vertical scale by the constant representing D0 of (Eq:
2-8). One curve tracks the BOSE data and the other tracks the data obtained from the
drivetrain. The offset infers a different D0 evaluation between the two test devices. This
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discrepancy can be attributed to a couple of factors which can only be resolved with further
testing.
One factor which is the most likely culprit is the initial slack in the system or the
specimen. Great effort to pretension the specimen in both test devices was applied but in the
case of the BOSE system the specimen is oriented vertically. The consequence of this is that
mounting of the specimen was hindered by gravity. There was no fine adjustment of the
specimen clamp position to detect the onset of tension. Instead the vertical position of the
lower clamp base is adjusted manually until the force display on the computer monitor is
perturbed.

Viscoelastic modeling of empirical data from
creep testing of PTFE specimen on the
device.
The difference between the models for the
BOSE data & the device data is D0.

Figure 5-14: Analytical creep model correlation to empirical data sets.
The second factor which is an issue discussed in the relaxation test results of the previous
section is that variations in specimen dimensions contribute to uncertainty in the stress level.
Since D0 can be dependent on the stress level this provides another source of error.
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Aside from the uncertainty of D0 and the noise inherent to the servomotor drivetrain the
3rd order system represents both data sets reasonably well. It is worth noting the cost of
BOSE device was $66K at the university discount.

So to obtain equivalent viscoelastic

information but with less noise can cost a commercial company in excess $100K, whereas this
device is no more than $5K without the computer.

5.5. Harmonic Forced Oscillations
As described in 3.2.5, the harmonic mode has the identical wiring configuration of the
servomotor amplifiers as the creep mode specified by Appendix Fig D-2. However, at this
juncture the LabVIEW code has not been updated for this wiring configuration. The previous
iteration of the LabVIEW code to validate the capability of synchronizing signals is configured
for the wiring of the servomotor amplifiers as specified by Appendix Fig D-1. In order to
accurately

assess

phase

differences

between

the

stimulus

and

response

signals

synchronization is absolutely required. The wiring configuration of Appendix Fig D-1 was
more conducive for this validation procedure.
Despite this need for software updates Figure 5-15 depicts an anticipated response
spectrum based on the creep data of the previous section. Since the input stimulus to the
specimen is an oscillation in torque the response is a displacement. Due to this arrangement
it is more appropriate to apply (Eq: 2-10) versus (Eq: 2-9) to generate a response spectrum.
The spectrum of Figure 5-15 will only be correct if PTFE is linear viscoelastic.

It is

documented that PTFE is not linear, but over certain stress and displacement levels it is. So
the presumption is that the device can oscillate about a defined nominal stress level and the
displacements reasonably small the spectrum of Figure 5-15 will be reproduced by harmonic
mode testing.
The magnitude spectrum of Figure 5-15 is rather mundane but the phase spectrum of
Figure 5-16 reveals more on the validity of the viscoelastic model. At very low frequencies
the stress and strain will be in phase relative to one another due to the fact that the viscous
dampers of the Kelvin model in Figure 2-2 have little impact if the strain rate is sufficiently
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low. As the frequency increases the effect of the dampers eventually induce a phase lag
approaching 900. Eventually the phase again approaches zero at high frequencies. Since the
phase shift is directly attributable to the “loss” constituent of the complex creep compliance as
discussed in section 2.2, the behavior of the phase frequency response correlates exactly with
that of Figure 2-8. The physics of this behavior is discussed in section 2.2 and is attributable
to the rate of energy dissipation, but a simplistic analogy is useful to understand Figure
5-16.

Figure 5-15: Anticipated magnitude spectrum generated from the creep response data of the previous
section.
The Kelvin model possesses the viscous damper η∞ in series with the spring element D0 as
shown in Figure 2-2. This viscous damper will become rigid at sufficiently high frequencies
and so will all of the other dampers in the Voigt segments of the Kelvin model.

The

consequence is that the oscillating stress stimulus will directly couple into the displacement
of the lone spring element D0, hence the stress and displacement will again be in phase. So
the phase spectrum yields more information on the material.
However, the test procedure only specifies that the test frequency to be carried out to
10Hz. Nonetheless, if the 3rd order system presented in section 5.4 is correct and linear
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viscoelastic assumptions are correct then the phase change at 10 Hz will concur with the
phase lag 870 as indicated in Figure 5-16.

Figure 5-16: Anticipated phase spectrum generated from the creep response data of the previous section.

5.6. Strain Rate Mode
As mentioned in section 4.4, the PID control parameters need to be retuned for the strain
rates required for this test mode.

5.7. INSTRON Tests
As described in section 3.1.1, the interface of the specimen brackets with the drivetrain is
modular. Since boundary conditions can factor into the viscoelastic response of the specimen
the design of the drivetrain and the specimen fixturing were segregated. Figure 3-6 is the
rendering of the specimen brackets specific to the research sponsored by Dr. James Hammel
of UNMC.

As previously mentioned the materials being evaluated are various implant

materials for a cardiac septal defect in infants. The implants are sutured into place and the
design of these brackets is to emulate the boundary conditions of those sutures. The bracket
assembly incorporates the use of MOLEX IDT connectors which have the precise pattern of
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the suture interval required. These connectors are utilized in the electronics industry for
connections of ribbon cables to PC boards. Their utility, aside from the speed with which they
can be fastened, is in the ability to pierce the specimen and their interlocking mechanism that
ensures the specimen is secure.
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Figure 5-17: Stress/strain tests on homograft with the use of MOLEX IDT connectors as the fixturing
mechanism.
To validate the use of these connectors, tests were conducted on an INSTRON uniaxial
mechanical test machine. There were concerns that the piercing of the material by the pins of
these connectors could cause premature failure of the specimen.

Both homograft and

umbilical cord tissue were tested to failure. Figure 5-17 contains the results. The results
were compared to literature to be sure premature failure was not induced via stress
concentrations at the punctures. In fact, utilizing these connectors proved out statistically to
outperform the grips supplied by the manufacturer for the INSTRON machine. The linear
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modulus values and the failure stresses depicted in Figure 5-17 are consistent with values
listed in literature.
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6. Summary & Conclusions
As previously discussed, all biologic tissues exhibit viscoelastic behavior. This behavior is
characterized by hysteresis in the response of the material to load or strain. Well documented
techniques exist for engineering materials such as the polymers PTFE, polyamide,
polyethylene, etc.

While procedures have been developed for evaluating the engineering

polymers the techniques for biologic tissues are not as mature.
A digitally controlled drivetrain capable of conducting four different viscoelastic test
modes has been developed.

The four test modes are stress relaxation, creep, harmonic

induced oscillations, and controlled strain rate tests. The initial impetus for the development
of this device was to evaluate the potential for human umbilical tissue to serve as a vascular
graft material. The consequence is that the load frame is configured for membrane type
specimens with rectangular dimensions no more than 25mm per side.

The design load

capacity of the drivetrain is to impose an axial load of 40N on the specimen.
The stress level in the specimen is be dependent on the specimen width and thickness.
The width of the specimen cannot exceed 25mm as indicated in Figure 3-6. The specimen
thickness is primarily be dependent on the specimen bracket design which is modular. The
end user specifications drive the design of the brackets and the bracket interface with the
drivetrain is through the four shoulder bolts as discussed in section 3.1.1. The brackets
proposed for the vascular graft application in this thesis are capable of accommodating a
specimen as thick as 5mm and the fixation technique via MOLEX IDT connectors was
validated.
Since the fluorocarbon PTFE has mechanical properties commensurate with vascular
tissue and the viscoelastic properties of this material have been published, hardware and
software validation of the drivetrain was accomplished by testing PTFE.

The creep and

relaxation data generated are consistent with published literature. Moreover, to generate the
same information can cost a commercial company in excess of $100K if they need to procure
commercially available devices that generate similar information.
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Augmentation of the device capabilities is realized via application of the Fourier
transform on post-processing of the data. The LabVIEW program developed in conjunction
with the device generated a relatively accurate viscoelastic model of PTFE and the
reconstructed relaxation and creep response of the model compared well with the empirical
data as shown in Figure 5-9 and Figure 5-14.
It is outside the purview of this thesis, but the opinion of this author is that the industry
practice of stress relaxation and creep tests to avoid inertial effects in the material response
might be shortsighted. Without question an instantaneous displacement of a test specimen is
not realistic due to the need for an infinitely rigid load structure and infinite power
requirements on actuation, but if the ramp rate is sufficiently high and the data acquisition
system quick enough inertial accelerations can be can be induced. Monitoring the oscillation
which will be damped is an indicator of the viscoelastic behavior as well. Moreover, it might
be possible able to infer all of the poles from that decaying oscillation by analysis of the phase.
If this can be done then the need for these long pseudo-static tests might be eliminated. A
fair amount of research and testing would have to be done to prove this out, but it might be
plausible.

.
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Appendix A. Assembly drawings

Appendix Fig A-1:

Top level assembly drawing.
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Appendix Fig A-2:

Load frame subassembly drawing.
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Appendix Fig A-3:

Servomotor subassembly drawing.
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Appendix Fig A-4:

Specimen bracket subassembly drawing.
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Appendix Fig A-5:

Drive frame1 subassembly drawing
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Appendix Fig A-6:

Drive frame2 subassembly drawing.
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Appendix Fig A-7:

Specimen longitudinal bracket subassembly drawing.
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Appendix Fig A-8:

Specimen transverse bracket subassembly drawing.
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Appendix B. Individual
Specs

Component

Appendix B.1. Servomotors with Encoders
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Appendix B.2. Ball Bearings
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Appendix B.3. Ball Screws
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Appendix C. Drivetrain
Procedure

Alignment
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Appendix D. Wiring Schematics

KEPCO 10-5M BOP Amps

Appendix Fig D-1:

Manufacturer’s wiring schematic for voltage control.

KEPCO 10-5M BOP Amps
Replace this with
National Instruments
USB 6229 DAQ
board.

Manufacturer’s wiring schematic

Appendix Fig D-2:

Manufacturer’s wiring schematic for current control
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connection is a voltage that is proportional
to the amp output current @ 2V/A.

Appendix Fig D-3:

Pin-out of 50-pin edge connector on the rear console of the KEPCO amplifiers.
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Appendix E. Specimen
Stress
to
Current
&
Voltage
Conversions
w
t

ρleverage

Torq
n

= σ wt ρleverage

V nσ wt ρleverage
=
n
kM ρamplifier

0.012 (m)
50.8 (μm)
300 (μm)

( 0.012m ) ( 50.8 ×10−6 m )( 300 ×10−6 m )(1×106 Pa )
0.00018288 Nm
μJ
183
MPa

183μ J / MPa
( 34800μ J / Amp )( 0.5 Amp / V )
V
MPa
mV
10.51
MPa
0.01051

Table Apx 1: Torque and voltage conversion factors based on specimen stress level and the number of
wraps or layers.
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Appendix F. Individual
Component
CAD Drawings
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